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THEME

Although the safety standards in aviation are already very high, the risk of accidents which involve fires cannot be
completely excluded. It is thcreforc necessary to strive continuously for the enhancement of fire safety in aviation. One of.the
main aspects in this problem area is to review fire-related accidents and to learn from them in order to improve safety
regulations and to update relevant research programmes. Additional information is taken from studies of aircraft internal
and external fires, both full-scale experimental and by numerical modelling of cabin fires where the latter is receiving growving
attention. The practical conversion of such knowledge into fire-hardened designs of aircraft, both military and civil, is
another aspect of the problem area, where advanced materials and improved structural designs represent the main lines to be
pursued towards improved fire safety. Finally, growing interest is placed into the increase of survival times of passengers by
means of improved passenger protective methods, concerning not only civil but also military transport aircraft.

Quoique les normes de s6curit6 applicables dans le domaine de 'aviation soient d~ja tr s rigoureuses, les risques
d'accidents survenant A la suite d'incendies ne peuvent pas Etre totalement exlus. Un effori permanent doit done Etre
consacr6 A I'amdlioration des mesures de scurit6 dans ce domaine. L'une des principales tiches qui s'imposent en ce qui
concerne !a recherche d'une solution A ce problime consiste A examiner diffirents cas d'accidents dus A des incendies pour
en tirer des leqons, cc qui permettrait d'apporter des amdliorations aux riglements de s6=urit6 et de mettre a jour les
diff6rents programmes de recherche. Un supplement d'informations est extrait d'tudes d'incendies d'avions internes et
extemes, A la fois A partnr d'exp6nmentations en grandeur r6elle ct a partir de simulation num~rique de feux de cabine, cette
derniire faisant lobjet d'une attention grandissante. La traduction pratique de telles connaissa-,:es en des conceptions
d'avions durcis contre le feu, tant civils que militaires, est un autre aspect de ce m~me prcbl~me, o6I les mat6riaux de pointe et
les conceptions structurelles amlior es repr~sentent les grands axes de d6veloppement vers une meilleure scurit6 contre
l'inccndie. En conclusion, de plus en plus d'int6rt est manifest6 dans la prolongation de ;a dur6e de survie des passagcrs au
moyen de m6thodes de protection am61ior6es, portant non seulement sur les avions civils mais ausi sur les a6roncfs militaires
de transport.
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TECHNICAL EVALUATION REPORT

by

T.Madgwick
Head of Fire Precautions Engineering (Rid)

British Ae.ospace PLC
Civil Aircraft Division

P.O. Box 77
Filton

Bristol BS99 7AR
United Kingdom

and

C.Sarkos
Manager, Fire Safety Branch

FAA Technical Center
Atlantic City International Airport, NJ. 08405

United States

1. INTRODUCTION

The 73rd meeting of the Propulsion and Energetics Panel on Aircraft Fire Safety was held in Sintra, Portugal from 22nd to
26th May 1989.

Although the safety standards in aviation are already very high, the risk of accidents occurring which involve fire can not
be excluded. It is therefore necessary to strive continuously for the enhancement of fire safety in aviation. One of the main
aspects of this problem is to review fire related accidents and to learn from them in order to improve safet) regulations and to
update relevant research. Additional information is taken from studies of aircraft fires, including full-scale experiments and
numerical modelling. The practical conversion of such knowledge into improved aircraft design is another aspect of the
problem area Advanced materials evolving from more stringent fire test requirements, fire management and evacuation aids
represent the main lines to be pursued towards improved fire safety. Although the regulatory authonties have concentrated
mainly on fire hardening of the aircraft interior, recent studies have also exp!ored improted fire management and passenger
protection.

The meeting consisted of eight sessions with a total of 38 papers. Authors represented six different countmes and came
from various governmental, industrial, military, academic and consumer organizations.

Although many of the studies reported were concerned with civilian fires the results can also be adapted oimproving the
crash survivability of military transports.

2. DISCUSSION

Session I, Review of Fire-related Aircraft Accidents

The accounts given of real aircaft fire accidents were stimulating and thought provoking because they illustrated the
nature of the problem.

R.Hill (Paper No.1) described a number of fire-related accidents, in which hc. had personally participated in their
investigation, and stressed the importance of the lessons learned and the action taken to improve future designs. He
recommended that more attention be given to fire incidents and that a broadconsideration of past accidents should be used to
create scenarios of possible future events against which to evaluate fire safety improvements.

A.F.Taylor (Paper No.2) presented a statistical arzlysis of accidents that have occurred since his earlier study presented at
the AGARD meeting in Rome in 1975. He concluded that recent trends were similar to his earlier study. He also emphasized,
as did Mr Hill, that a broad assessment of fire safety needs should be based on a comprehensive review of past accidents
without undue emphasis on the most recent event.

W.T.Tucker (Paper No.4) began by stressing that oftei lie greatest benefit from an accident investigation may not be the
identification and correction of the actual cause of the accident but the identification and ultimate reduction, elimination of
safety deficiencies that impact occupant survival. The bulk of his paper discussed the fire accidents at Cincinnati (6, 83) and
Calgary (3/84). The open discussion that followed his presentation centred on the strong similarity between the Calgary and
Manchester (885) accidents in terms of initial external fire conditions and the significant difference between the two accidents
in terms of occupant survival.

x
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Session il, Fire Safety Standards and Research Programmes

Papers 5, 6, 7, and 8 were presented by representatives from the civil a~iation authorities of the United States,
Netherlands, United Kingdom and Federal Republic of Germany.

C.Sarkcs (Paper No.5) described the technical development and requirements for a wide range of new fire safety
standards ad )pted by the regulatory authorities over the past 5 years. The new standards include, seat cushion fire-blocking
layers, low heat/sr-oke release interior panels, floor-proximity lighting, lavatory smoke detectors and automatic waste btn
extinguishers, additional and more effective hand-held extinguishers, bum-through resistant cargo liners, heat resistant
evacuation slides and crew member protective breathing equipment. The emphasis that was placed on the fire hardening of
materials wa, based on the observed poor fire performance of some materials in past accidents and as demonstrated by full-
scale fire tests.

W.Korenromp (Paper No.6) made a philosophical argument that although commerical air transport is already fairlysafe it
is desirable to make further safety improvements. He concluded that many possibilities still exist for enhancing survivability
during aircraft fires.

TJ.Gilpin (Paper No.7) reviewed the impressive and extensive research activities and accomplishments that have been
supported by the Civil Aviation Authority. The most notable progress is in the areas of passenger smoke hoods where the CAA
has developed a specification which defines minimal performance requirements, the behavioural aspects of passengers
evacuating an aircaft with an element of competition, and the potential effectiveness of a cabin water mist system.

Paper No.8 (M.Wittmann) described past apd planned German activities in cabin fire safety, including the first German
full-scale, in-flight fire test and a planned second test, also discussed in Paper No.] 2.

Papers 9 and 10 describe the efforts of airline operators in implementing new mandatory fire safety standards and their
own initiatives and concerns with regard to aircraft fire safety. Wittenberg (Paper No.9) focused on the historic development of
mandated standards for interior materials. Wargenau (Paper No.10) discussed a very broad range of fire safety issues and how
these are being addressed by Lufthansa Airline.

Session Ill, Aircraft Internal Fires (1)

Papers 11, 12, and 13, describe recent full-scale aircaft fire tests conducted in the United States, Germany and the United
Kingdom.

Sarkos (Paper No.11) detailed a recent post-crash fire test in which the environment following flashover was monitored. It
was concluded that survival near the fire origin in the upper portions of the cabin was dictated by high temperature and low
oxygen level; in contrast, at locations further away from the fire origin and closer to the floor toxic gases are nore dominant.
Evaluation of a smoke hood filter identified performance problems caused by flashover.

Fiala (Paper N .12) presented the results of a full-scale fire test that simulated severe in-flight fire penetrating into the
cabin from below the floor. The author indicated the main danger was from the flashover which occurred at approximately two
minutes.

R.D.Halliday (Paper No.13) Chief Fire Service Officer of the United Kingdom Civil Aviation Authonty, began by
discussing post-crash fire fighting and the inability of the fire services to effectively attack a fire that is within the fuselage. He
described the results of full-scale fire tests with an on-board water mist system and discussed a number of functional
considerations, However, although the test results appear promising it is extremely important not to lose sight of the potential
airline operational and safety problems associated with an on-board system. It is understood that disbenefit studies, supported
by regulatory authorities, will be conducted by airframe manufacturers.

EA.Ural (Paper No.14) illustrated the flammable conditions that exist in military aircraft fuel tanks and the various
factors influencing ignition. The fact that it was shown that military standard 1757A was not always a conservative evaluation
of the ullage ignition hazard was a conclusion of special note.

R.Friedman (Paper No.1 5) reviewed the knowledge, techniques, and future trends in spacecraft fires safety. He presented
data illustrating the profound influence of negligible gravity upon the characteristics of spacecraft fires.

Session Ill, Aircraft Internal Fires (il)

Papers 16, 17, 18, and 19 were related to the mathematical modelling of aircraft cabin fires.

G.Cox (Paper No.16) outlined recent developments in the application of enclosure fire modelling to building fires and
analyzed the problem associated with the transfer of this technology to the aircraft fire problem. Because present computer
codes do not address the critical issues of firegrowth and production of combustion products, the need for development of sub
models to treat combustion chemistry, thermal radiation and solid phase heat transfer was discussed. He conceded that a
pragmatic approach, incorporating small-scale fire test data on aircraft fumishings, would be necessary.

Ai
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E.R.Galea (Paper No.17) employed a three-dimensional mathematical field model to compute the temperature
distribution inside an aircraft cabin created by a constant heat source inside the cabin.

J.E.S.Venart (Paper No.18) employed a two-dimensional mathematical field model to compute the internal transient
thermal response to an external pool fire adjacent to a fuselage opening.

Dr Galant (Paper No.19) described an expert system which allows rapid risk analysis within complex industrial
enviroments.

Session IV, Aircraft External Fires

R.G.Clodfelter (Paper No 20) gave an account of test investigations into the variables of hot surface ignition on pipes in
the particular environment of an engine bay. The data presented was a useful addition to existing knowledge and an aid to
power plant designers.

J R Tilston (Paper No.21) described the mechanisms of ignition, flame stabilization and propagation of fuel spill fires in
the context of a decelerating airplane in the crash process. He then applied these mechanisms to analyze and explain the fire
dynamics exhibited by the controlled impact demonstration (CID).

Session V, Fire Safety of Military Weapons Systems

J Wordehoff (Paper No.23) reviewed the fire threat of military aircraft arising from hostile action and described the
evolution of protective methods for fuel tanks and compartments adjacent to fuel tanks. The future need for a large number of
detection points and continuing need to reduce weight led the speaker to outline more recent technogy incoporating fibre
optics with centralized detector chips and linear fire extinguisher tubes.

P Weinberg (Paper No 24) outlined the design concepts employed to prevent, detect and extinguish fire and explosions in
US Na.,y aircraft, and presented several examples of actual designs and equipment.

T.A.Bailey (Paper No.25) presented an overview of aircraft fire safety in the Canadian forces and indicated that new
safety measures adopted for civil transports were now being implemented on military transports.

Session VI, Fire Hardening by Advanced Materials and Structural Design (I)

The five papers in this session presented by J.Peterson (No.27), GJ.Treloar (No.28), C.Smith (No.29), H.Berg (No.30)
and MJ.Frustie (No.31) mainly dealt with the histroical evolution of fire test requirements and their impact upon cabin
material usage. Requirements specified by the regulatory authorities and industry self-imposed test requirements that go
beyond the minimum regulatory requirements were both discussed. The speakers stated that the main emphasis of activities
was essentially to redesign the cabin interior for comphance with the new low heat/smoke fire test requirements. This is
necessitating major and expensive programmes to develop and evaluate new materials and manufacturing pro.esses. Common
problem areas identified by the speakers included decoratives, adhesives, textiles and thermoplastics.

Session VI, Fire Hardening Advanced Materials a-d Structural Design (II)

Y.Tsuchiya (Paper 32) compared two methods of measunng heat release in the Ohio State University heat release
apparatus, oxygen analyzer and thermopile. He recommended oxygen analysis as the better measurement approach. FAA
indicated that a good correlation existed between the two methods of measurement, and they had therefore adopted the
simpler thermopile device.

Paper No.33 (A.Tewarson and R.Zalosh) presented by E.Ural, discussed test data on ignitability, fire propagation, heat
release rate, and smoke and toxic combustion products measured at Factory Mutual Research Corporation for cabin panel
materials and compared the data with other laboratory test method results. The study was supported by FAA who concluded
that the O.S.U. apparatus ranked the performance of panel materials in the same order as other available heat release devices.

M.Favand (Paper No.34) described a laboratory test for measunng the toxic decomposition products of burning aircraft
materials and the resultant effects on the behaviour of mice (reduced activity and incapacitation).

Session VII, Passenger behai iour In Emergency Situations

C. Morrison and H.Muir (Paper No.35) presented the results of emergency evacuation trials to determine the effect of
competitive passenger behaviour, in response to a life threatening fire threat, on the orderly and rapid evacuation of passengers.
Competitive behaviour was induced by small monetary rewards. The results revealed exit blockage by competing passengers
and prolonged evacuation times.

J.H.B.Vant (Paper No.36) described nine simulated emergency evacuations in clear air or theatrical smoke with and
without ventilated smoke hoods. The readily accessible smoke hoods were fastened on the rear of passenger seats. It was
determined that the donning of hoods and the presence of smoke both independently increased the evacuatioc time. It was also
concluded that the donning of smoke hoods by passengers in an aircraft fire emergency should not significantly impede
passenger evacuation.

xii
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E.A.Limley (Paper No.37) descnbed the training of flight and cabin crews to deal with in-flight fire situations as well as
preventive measures and fire-fighting equipment and procedures employed by Lufthansa Airlines.

Session VIII, Passenger Protectie Equipment

E A.Higgins (Paper No.38) provided a historical review of the research program conducted by the FAA Civil
Aeromedical Institute (CAMI) concerning protective breathing equipment (PBE) fur use by crew members and passengers. Of
current interest is the FAA final rule and the approval guidelines for crew member PBE. Alse, the cooperative studies
conducted by the airworthiness authorities of the United Kingdom. France, Canada and the United States in reviewing the
teasibility of passenger PBE was discussed. It ,b anticipated that CAMi will contimu, to support the establishment of a standard
for passenger PBE being undertaken by the SAE A- 10 committee.

I.R.Hill (Paper No.39) gave an account of the investigation of particulate matter in the lungs of smoke-inhalation victims.
He concluded that lung damage was primarily caused by the inhalation of combustion products as was unlikely to be due to the
ettects of heat. lie stated that particulate loading in the lungs early in the fire scenario may be of considerable significance to
survival.

J S.S.Stewart (Paper No.40) presented evidence that victims in the Manchester accident may have been incapacitated by
anoxia caused by exposure to thick black smoke from burning aviation kerosene. Much of the information was developed from
a questionnaire completed by nineteen survivors of the accident. He argued that the strategy of fire hardeniig of the cabin
interior may be ineffective in real aircraft accidents involving fire. lie concluded that passenger smoke hood should be
introduced as a urgent priority

D.A.Purser (Paper No.41) presented a mathematical model for estimating the toxic and physical hazard in fire in terms of
time to incapacitation or death. He presented data to derive the various terms in the model which computes the effect of
narcotic gases, irritant gases, carbon dioxide, oxygen depletion, radiant heat and convective heat.

3. SUMMARY AND CONCLUSIONS

The review of fire related accidents demonstrated that more emphasis is being placed on understanding the fire
development and survivability aspects of the accident. The lessons to be learned should be based on a thorough analysis of all
accidents, including incidents as well, and should not be dictated by the most recent event. It may be useful to place accidents
into groups with sinlar fire threats in order to develop fire scenarios of possible future accidents for inclusion in research
programmes.

Extensive tire research programmes have demonstrated the safety benefits of a range of nes standards for civil transport
aircraft that have now been mandated by the regulatoy authorities. The emphasis has been on fire hardening of the aircraft
interior because of the need for improved materials performance and more meaningful fire test requirements. Further fire
safety improvements in the future are likely to be derived from research programmes that address fire management
approaches, e g detection, extinguishment/suppression, containment, smoke venting, etc.

It is generally recognized that full-scale fire tests are absolutely necessary to support any credible activity to improve
aircraft fire safety. Consequently, they are being more widely included in the research programmes of the various nations
Because of the complexity and cost of such tests, coordination between the nations is cssential to achieve the maximum benefit.

Noting the concern that was expressed at the conference that the airport fi,e services are not equipped to deal effectively
with in.ernalaircraft fires, research into new approaches, such as a water nust system, are needed and are being pursued

With regard to math.matical modelling, ir. spite of the impressive numerical capabilities of the newer field models, it
should be recognized that the) can not addiess many of the important elemcjts of an aircraft fire. However, if one recognizes
the strengths and weakw-sses of the models the) may be useful to support he design of full-scale toot and to examine special
problem areas. This could best be accomplished by consultations between the modellers, cxpenmentalists and aircraft
designers.

It was disappointing to note that only two papers were presented under the heading of Aircraft External Fires. A more
complete account of this subject would have included safety fuels, e.g. antinisting kerosene, and fuel system crashworthiness.

Similarly, the session on military aircraft fire safety did noi offer a comprehensive review of the subject, simply because of
the relatively small number of papers, perhaps due to security concerns. Presentav'cns on the development of inert gas
generators for fuel tank ullage spaces and on the latest gunfire trials, especially to rvalidate the applicability of design practices
developed in the past against today's new materials applications and weapon threats, would have been useful.

A primary activity of the aircraft manufacturers is the development and evaluation of improved cabin materials for
compliance with the relatively new low heat, smoke release standards. This rule is seen as a technology driver and is advancing
the state-of-the-art for thermoplastics and coinposties. It now seems logical for this technology to be extended to the
components of aircraft seating; eg. trays, structure, arm rests, etc.
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Although there was discussion of several test procedures for measuring the heat release and combustion products
produced by burning aircraft materials, it appears that there ts no good justification for modifying the currently mandated test
requirements for low heat/smoke release.

Recent evacuation trials and studies have demon trated the disruptive role of competitive passenger behaviour on orderly
and rapid emergency evacuation. The results are seen as baseline data by the investigators and further tests, beginning with
theatrical smoke, are being planned. The miportance of human factors in aircraft accidents have received increased attention in
recent years and its extension to passenger behaviour is seen as a significant development.

There were strong recommendations by some speakers for the immediate mandatory adoption of passenger smoke
hoods. It appears that the main concern with this recommendation is based primarily, but not solely, on a belief that during
some types of accidents passenger smoke hoods may be of greater harm than benefit. Testing results presented at this
conference on the effect of passenger smoke hood donning time on cabin evacuation time under one set of theatrical smoke
conditions does not seem to have quelled this concern.

The final three papers dealt with the toxicological and physiological affects of combustion products, including smoke
particulates, on passenger survival. Purser's model appears to be a useful tool for transforming various hazard measurements
made during full-scale fire test into a hypothetical survival time. The concern with the survivability of passengers exposed to
massive concentrations of smoke particulates, as advanced by I. Hill and J.Stewart, was convincing to the point where some
form of animal experimentation appears warranted.

4. RECOMMENDATIONS

Technical

(1) Evaluation of the effectiveness and practicality of an on-board water mist fire p:otection system.

(2) More realistic evaluation of passenger smoke hoods under aircraft fire conditions or circumstances in which their use or
availability may be of potentially greater harm than benefit.

(3) Studies of the effects of passenger competitive behaviour on the orderly and rapid evacuation of passengers during
simultated aircaft fire conditions.

(4) Studies to upgrade the fire performance of seats .omponents and structure (excluding cushions) to a level equivalent to
the low heat/smoke release standard for interior panels.

(51 Exploratory studies, preferably using animals, to examine the role of smoke particulate on occupant survival during an

aircraft fire.

Administrative

(1) A time frame of three to five years for the next AGARD conference on aircaft fire safety. This conference should include
more representation on subjects such as, safety fuels (anti-misting kerosene) and crashworthiness of fuel systems.

(2) A separdte conference on aircraft fire safety exclusive to the military authorities for the free discussion of security
sensitive issues.

(3) Because of the international nature of commerical aviation, continued cooperation and coordination by the regulatory
authorities on matters pertaining to aircraft fire safety.

xiv
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ADDENDUM

After the meeting AGARD received a letter from one of the meeting participants in which the writer sunimanses some
personal thoughts on the problems of "Aircraft Fire Safety" that were discussed during tie meeting Because the Programnme
Committee Chairman feels that these statements are of general interes to all concerned with aircraft fire safet), the) are publihhed
as an addendum to the technical evaluation of the meeting.

PERSONAL REMARKS ON PROBLEMS OF AIRCRAFT FIRE SAFETY,

DISCUSSED DURING THE 73rd AGARD-PEP-MEETING

by

G.Miller
Senior Fire Adviser for Director Safety Services Organisation (PE)

Procurement Executive, Ministry of Defence, London, UK

Having been trained as an Aerodrome Fireman, this Symposium was of particular interest to me and I found it most
stimulating. Sadly however, it must be pointed out that (apart from certain technical details) the main points mentioned,
e.g. reducing smoke and toxic fume producers in the cabin, internal water sprays, smoke hoods, escape lighting, access to
exits ete, have been under discussion in aerodrome fire service circles for the last 20 years!

2. May I suggest that if any improvements are to be made in aircraft passenger safety, some of the items that have been
discussed for so long must be introduced. Some will cost money and, or reduce payload, but others could be introduced at
little or no cost. Which should be chosen is a matter for cost-benefit analysis, but the following should be considered.

3. Little or no cost

(a) Revise and extend the'passenger safety briefing' given by cabin staff.

(b) Fit automatic audible/visual indicators to overwing exits and manually operated audible,'visual indicators to doors

(c) Improve low level exit lighting.

(d) Improve the fixing of overhead luggage racks.

4. Somewhat greater cost.

(a) Improved access to overwing exits and doors.

(b) Modify overwing exits so that they can be opened from outside.

(c) Fit closed circuit television to enable flight and cabin crew to see what conditions are like outside the aircraft.

5. Costly improvements

(a) Install internal 'sprinklers' fed from onboard supplies, with external connections for fire brigade backup.

(b) Introduce smoke hoods.

(c) Improve insulation.

6. Few of these items would be necessary, if smoke and toxic fume producing materials could be removed from aircraft
cabins, but things have gone too far now and all that can be hoped for is a reduction in their emissions.

7. The reasoning behind these suggestions is given briefly below:

(a) Para 3(a). The cabin crew need to tell passengers that they should NOT open doors/batches before they have
checked that there is NO file outside them. They should be told to close/replace them (if possible) if fire appears
about to enter. The weight of overwing exits should be made known, together with the fact fhat they are 'plugs' and so
must be brought inboard. They should NOT be dropped inside, but be thrown out. The method of getting through
such exits should be DEMONSTRATED to avoid the blockages shown on the Cranfield video (Symposium session
35). Passengers should be told to follow shouted instructions by cabin staff as to which door's to use. Reasons for not
inflating life jackets and taking off shoes etc should be given.

(b) Para 3(b). Locating exits in smoke is almost impossible. Audible indication - and, perhaps high intensity strobe
lights - would help. These could be automatically actuated at overwing exits and manually operated by cabin staff at
doors.

(c) Para 3(c). Again, because of smoke, low level lighting indicating the route to exits should be provided. Because of the
clutter which is likely to be on the floor, not to mention passengers, this should be at arm rest level.

(d) Para 3(d). To have luggage racks collapsing during an evacuation can only exacerbate an already fraught situation
They MUST be adequately secured. Thought also needs to be given to the action to be taken when passengers insist
on bringing more than one piece of hand luggage on board, or where the item is too large to go in the luggage rack or I
mderaxseat.
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(e) Para 4(a). It is appreciated that too large an area around exits can be counter-productive, but there should be room at
overwving exits to allow them to be opened without fouling seats and for passengers to manoeuvre to get out correctly,
i.e, NOT head first! Doors need space adjacent to them for cabin staff to assist the evacuation.

(f) Para 4(b). It is imperative that fire crews get in with cooling sprays as soon as po,.sible but without interrupting the
flow of exiting passengers. Their chances might be improved if they could open all overwing exits from outside, since
these are not always used by passengers.

(g) Para 4(c). Like smoking cigarettes, opening doors/hatches when there is fire outside couid seriously damage your
health'! It is difficult for cabin crew to see what is going on outside since their view could be masked by smoke or even
flame. Closed circuit television would give them a much betterchance of evacuating passengers in the right, or at least
best, direction.

(h). Para 5(a). Internal 'sprinklers' have been shown to be effective in tests. They have two main functions, cooling the
interior to reduce smoke and fume production and scrubbing, to remove water soluble gases. No mention was made
of any tests to establish the optimum droplet size. Very fine spray is best for cooling and, no doubt, scrubbing,
although I have no information on this point. It is also economical in the use of water. However, such spray can give
rise to 'steam' bums, which could create even greater panic. As usual, a compromise must be sought, but this facet
must be considered.

(i) Para 5(b). The arguments for and against smoke hoods have been rumbling on since 1969, when the Civil Aviation
Authority Aerodrome Fire Service Training School received a smoke hood from, I think, the Federal Aviation
Agency. Certainly, there are problems, such as whether they should be purely a filter mask, a closed circuit oxygen
enriching type or fully open circuit and the degree of heat or fire resistance required of the envelope. Stowage is
another difficulty, as may be the time taken to don them - although this I doubt. Shelf or service life is another
consideration. However, until the amount of smoke or fumes likely to be produced in the cabin can be drastically
reduced, say by paras 5(a), 5(c), or 6, then some respiratory protection must be afforded.

(I) Para 5(c). The basic problem is smoke and fume protection in the cabin, caused by the heating of cabin materials,
most usually (but not exclusively) by external fire. If the heat transfer to these materials could be delayed, say by only
three minutes, this would give passengers a much better chance of survival. It is common practice to stipulate a
degree of fire resistance for elements of building structure and in certain cases this can only be achieved by
insulation, e.g.. structural steelwork, some of which is sprayed with an insulant or an intumesccnt. Whilst the internal
structures of aircraft could not be so treated, because of the need for rigorous inspection procedures, there may be
room for improving current insulation techniques anO intumescent paint applied externally might offer some
reduction in the rate of heat transfer. However, if heat transfer to the inside of the aircraft is much reduced, it is
interesting to speculate upon the effect that this might have upon the time of penetration by fire of the aircraft skin.
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INVESTIGATION AND CHARACTrISTICS OF MAJOR
FIRE-RELATED ACCID01TS IN CIVIL AIR IRANSPORTS

OVR THE PAST TEN YEARS

Richard G. Hill
Fire Safety Branch

Federal Aviation Administration Technical Center
Ata;ntic City International Airport, NJ 08405

U.S.A.

SURY

This paper will suLrarize a number of fire-related accidents and incidents that have occurred
during the present decade. The selection'of accidents/incidents was based on information
availbility and perceived i, ortance of those chosen. A brief summary of accident data for the past
ten years is presented. A methodology is shown for logically calculating the effects of cabin fire
safety improvements on survivability utilizing past accidents. Eight accidents and four incidents
are discutsed and their link to safety improvements is described. The paper concludes with a call
for better info-mation from accident investigations.

NINJCTION

in 196;, the Federal Aviation Administration (FAA) developed a computer model for calculating
the benefits of :ire safety improvements. This calculation is based on a detailed analysis of past
accidents ,I). Ine model is based on the manipulation of two curves, one being the mobility and the
other being the fire hazard.

Ile mobility rate profile describes the loss in passenger mobility due to physical effects.
They could include the number of usable exits, poor visibility due to smoke or inadequate lighting,
or blockage of the aisles by passengers or debris.

The thermal hazard profile is based on the buildup of hazard that could cause incapacitation,
such as heat, toxic gases, oxygen depletion, and smoke or direct exposure to flames.

It is recognized that the output from the model is based on the subjective input of the
operator. The model itself makes no assumptions regarding an accident, it only supplies a logical
framework for analyzing the input of the operator. This methodology was employed by the Civil
Aviation Authority (CAA) of the United Kingdom (2) for analyzing the safety benefit of smoke hoods.

Table 1 lists the major transport accidents (in-flight and survivable postcrash) having reported

fire fatalities during the last ten years (1,2,3).

TABLE I

Civil Transport Aircraft Accidents (1979-1988) With Fire-Related
Deaths or Destruction of the Aircraft by Fire

Place of Type of Number of Number of
Date Carrier Accident Aircraft Passengers Fatalities

1 3/13/79 Alia Doha B-727 64 44
2 4/26/79 Indian Airlines Madras B-737 67 0
3 10/7/79 Swissair Athens DC-8 154 14
4 2/27/80 China Airlines Manila B-707 135 2
5 8/19/80 Saudia Riyadh L-1011 301 301
6 11/4/80 TAAG Benguela B-737 134 0
7 11/19/80 Korean Seoul B-747 226 15
8 11/21/80 Continental Yap Island B-727 73 0
9 2/17/81 Air Cal Santa Anna B-737 110 0
10 7/27/81 Aeromexico Chihuahua DC-9 66 30
11 3/17/82 Air France Sanaa A-300 124 0
12 8/26/82 Southwest Ishigaki B-737 138 0
13 9/13/82 Spantax Malaga I-10 393 51
14 3/11/83 Avensa Barquisimeto IC-9 50 23
15 6/2/83 Air Canada Cincinnati DC-9 46 23
16 6/11/83 United Chicago B-727 142 0
17 7/2/83 Altair Milan Caravele 89 0
18 12/7/83 Aviaco Madrid DC-9 42 42
19 12/7/83 Iberia Madrid B-727 93 51
20 12/18/83 Malaysian Kuala Lumpur A-300 247 0
21 3/10/84 UTA Ndjamena DC-8 23 0
22 3/22/84 Pacific Western Calgary B-737 119 0
23 8/30/84 Air Cameroon Douala B-737 118 2
24 10/13/84 Cyprus Airways Zurich B-707 10 0
25 8/22/85 British Airtours Manchester B-737 137 55
26 11/30/85 Mandala Medan L-188 45 0
27 11/28/87 South African Indian Ocean B-747 161 161
28 8/31/88 Delta Dallas B-727 108 14
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Table 2 lists the accidents discussed in this paper and the reason for their inclusion.

TABLE 2

Carrier and Type of Aircraft Reason For Inclusion

Saudia L-1011 Led to cargo rule changes.

Korean Airlines 747 No jet fuel involvement - post crash
materials fire.

Spantax DC-1O Evacuation problems an i rapid growing
materials fire.

Air Canada DC-9 Led to many cabin fire safety rule
changes.

Gulf Air 737 Incendiary - hat do we protect against?

British Airtours 737 Research into passenger protective
breathing devices and cabin water mist
systems.

South African Airlines 747 Proposed rule change class "B" cargo
compartment ("Combi").

Delta Airlines 727 First commercial aircraft, involved in a
survivable accident with postcrash fire,
equipped with fire blocked seats.

Table 3 lists the incidents discussed in this paper and the reason for their inclusion.

TABLE 3

Carrier and Type of Aircraft Reason for Inclusion

UTA 747 Problems of cargo seams, joints,
fasteners. Rapid material involvement.

ATA DC-1O Same as above, and solid oxygen system.

Jordanian Air L-1011 Titanium fires.

Monarch Airlines 757 Electrical (arc tracking) problems.

Safety improvements are judged by their expected benefit versus their cost. Since future
benefit is most often based on past accident experience, it is very important to have enough
information about past accidents as a basis for that judgement. In evaluating a safety improvement,
a wide range of accident scenarios must be studied, making sure that improvement in some scenarios is
not a detriment in others.

ACCIDITS

1. Saudia L-1011, August 19, 1980.

In August of 1980, a Saudia L-1011 experienced an in-flight fire. A short time after takeoff
from Riyadh, a cargo fire warning light activated in the cockpit. After the crew experienced some
problems in determining the proper procedures, the aircraft returned to Riyadh. The voice recorder
indicated an uncontrolled fire in the rear of the aircraft prior to touchdown. The aircraft did not
stop on the runway, however, it ran the full length and turned onto the taxiway before stopping
(figures 1 and 2). The investigation concluded that "the probable cause of the accident was Che
initiation of fire in the C-3 cargo compartment. The source of the ignition of the fire is
undetermined" (4).

In the years since the accident there has been much second guessing as to the probable cause.
Some people believe that it could have been a hydraulic or electrical fire next to or behind the C-3
compartment. However, test work sighted in the accident report (4) and the results of tests in
references 5 and 6 are consistent with a cargo fire origin.
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Based on factual information and test data, a likely fire scenario is as follows: Shortly after
takeoff a fire developed in cargo in the C-3 compartment. The fire could have baen started by a
cigarette left on a bag, matches igniting in a bag or other small ignition sources. A smoke detector
in the compartment activated, sending a warning to the cockpit. Smoke began drifting into the aft
cabin through the floor grills. Detectors in the compartment became oversaturate with smoke, causing
the alarm in the cockpit to go out. The flight engineer inspected the cabin and returned, stating
there was smoke in the aft. By then the pilot had turned the aircraft and was returning to Riyadh.

The fire in the cargo compartment had burned through the cargo liner and impinged on the cabin
floor, fanning out between the cargo compartment ceiling and the cabin floor. The heat melted the
pulleys for the number two throttle cable. Oxygen was consumed in the cargo compartment and the fire
subsided in the compartment. As the pulleys cooled, the plastic hardened and the number two engine
throttle stuck. Air was then drawn into the compartment through the hole as it cooled, until the
flames began again. This time the fire entered the cabin through the floor. Passengers in the aft
section were moved forward in the cabin. Flight attendants fought the fire with handheld
extinguishers. The fire cycled from flaming to smoldering a number of times.

As the plane began its final approach, the airflow to the cabin was turned off and the outflow
valves were closed. At that time, little or no smoke was observed in the forward cabin or on the
flight deck. The flight crew were convincing themselves that there was no big problem. Upon
landing, the crew took the aircraft to the end of the runway and onto the taxiway before stopping.
The flight crew did not use smoke masks in the cockpit. The flight crew reported to the tower that
they were beginning an evacuation. However, back in the cabin, as the plane touched down, the flames
had impinged on the seats above the C-3 cargo compartment and began to spread. Because the airflow
was shut off and the fuselage was closed up, the combustible gases collected at and above the
ceiling. Before the evacuation could begin, a flash fire occurred. Flames shot forward at and above
the ceiling, producing large amounts of gases and consuming most of the oxygen. All of the 301
passengers and crew were quickly incapacitated and were soon dead.

This accident led to rule changes in the area of cargo compartment fire protection (7). Tests
showed that had the seats been fire blocked, they could have stopped the spread of fire from the
cargo area to the cabin and prevented the flash fire.

2. Korean Airlines, November 19, 1980.

A Korean Airlines 747 landed short of the runway at Seoul, Korea, causing the main landing gear
to collapse into the cargo compartment aft of the gear. The aircraft slid approximately 7,000 feet
down the runway before stopping. A fire began in the ruptured cargo compartment from sparks igniting
the strut fluid and cargo in the compartment. As the aircraft came to a stop, the fire spread up
into the cabin through the air grills and through ruptured cargo liners and the cabin floor. Of the
208 passengers and 18 crew members, 15 (9 passengers and 6 crew members) did not survive (figure 3).

The important fact concerning this accident was that there was no jet fuel involvement in the
fire (the tanks remained intact). The major contribution to survivability was from the burning of
the interior materials. This accident changed the minds of many people who believed that the fuel
fire dominated the fire hazards in all aircraft accidents and that material improvements would not
substantially improve aircraft safety.

3. Spantax, September 13, 1982.

A Spantax DC-10 aborted a takeoff and overran the runway in Malaga, Spain, stopping in a field
just off the airport. The right wing was torn off the aircraft and a large fuel fire encompassed the
aft end of the fuselage (aft of the wings). The fire entered the cabin in the aft areas through
tears in the fuselage and burnthrough of the skin. There were 51 fatalities out of the 393
occupants.

This accident pointed out the problems of evacuation. Evacuation was slowed by debris in the
aisles and some passengers failed to begin evacuation because of emotional trauma. The fire burned
into the cabin in a very rapid manner. This accident also pointed out the problem that the crash
fire rescue crews have in extinguishing a cabin fire. Photographs (figure 4) show that the fuselage
was almost fully intact when the first trucks arrived and extinguished the external fire; however,
the fire in the cabin almost totally consumed the fuselage before it was extinguished.

4. Air Canada, June 2, 1983.

An Air Canada DC-9 experienced an in-flight fire in the area of the left aft lavatory. The fire
produced heavy smoke in-flight and progressed very rapidly after the aircraft landed. Twenty-three
of the forty-six occupants were able to egress before a flash fire occurred (figure 5).

Investigation into this accident indicated that a fire started in the hidden area of the aft
lavatory (figure 6). The actual ignition source or fuel was not determined. It could have been
electrical in nature or it c)uld have been caused by a cigarette and trash behind the vanity area.
The fire spread rapidly to the aft seats after the aircraft landed (figure 7). Many of the
passengers attempted to use some form of protection against the smoke (wet towels, clothing, etc);
however, there seems to be no correlation between attempts at smoke protection and survivability.

__ - -- - ~ -
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The Air Canada accident led to a number of regulatory changes in the United States.
Requirements for smoke detectors in lavatories, fixed'fire extinguishers in trash containers, and at
least two Halon fire extinguishers onboard transport aircraft (8) were incorporated. Also, floor
proximity lighting (9) and seat fire blocking rules (10) were hastened in their adoption because of
this accident.

5. Gulf Air, September 1983.

A Gulf Air 737 experienced an in-flight fire probably caused by an incendiary device exploding
in the forward cargo compartment. The pressure from the explosion, although not rupturing the
pressure vessel, did dislodge cargo lines, thus destroying the integrity of the class "D"
compartment. The fire spread to the cabin and caused the aircraft to crash into the desert killing
all on board (figures 8 and 9).

Testing indicated that a detection and suppression system, that is, as required in a class "C"
cargo compartment design, could possibly contain (extinguish) some types of incendiary devices. This
testwork raises the question of to what level of fire threat an aircraft should be designed.

6. British Airtours, August 22, 1985.

A British Air Tours 737 experienced an engine fire during the takeoff roll at Manchester, United
Kingdom, causing an aborted takeoff and a large fuel fire from a ruptured fuel tank. As the aircraft
came to a stop, the fire quickly spread into the cabin. Of the total of 13? occupants, 55 succumbed
to the fire.

As a result of this accident, two major test programs were initiated. The first addressed
passenger protective breathing equipment (1,2). Although regulatory requirements do not seem
iminent for smoke hoods, specifications have been developed by the CAA. The second is an active
program in water mist for interior cabin fire protection. A multi-national test program to determine
the possible benefits and disbenefits of an on board, cabin water mist system during various
scenarios is now underway.

7. South African Airlines, November 1987.

A South African Airlines 747 "Combi" (passengers and cargo on the main deck) experienced an in-
flight fire while flying over the Indian Ocean. The plane crashed into the Indian Ocean and all on
board were killed. Although the investigation is still ongoing, initial reports indicate a fire
occurred in the class "B" main deck cargo compartment, grew out of control, and caused the
destruction of the aircraft.

As a result of this accident, the FAA has issued a Notice of Proposed Rulemaking (NPRM) that
would require fire safety improvements in class "B" compartments (11).

8. Delta Airlines, August 31, 1988.

A Delta Airlines 727 crashed on takeoff from the Dallas/Fort Worth Airport. The aircraft
suffered severe structural damage as it slid to a stop approximately 3,000 feet from the end of the
runway. The right wing was ripped from the fuselage, causing a large fuel spill; and the aft two
cargo doors opened and a large section of the fuselage above and forward of the main aft cargo door
was torn away. A large circumferential break also occurred just aft of the cockpit. A large fuel
fire separated the aft section from the rest of the fuselage at the aft break. All but two of the
fatalities were trapped in the aft section. The doors in that area could not be opened from inside
because of the angle at which that portion of the fuselage was resting (figures 10 and 11). The
evacuation in the forward portion of the cabin was through breaks in the fuselage and the two left
over-wing exits. It was estimated that evacuation time from aircraft stop, until the last passenger
was out, was 4 minutes and 20 seconds. This was based on recorded crash/fire crews response time,
and that the last survivors exited the aircraft as the first truck began fire-fighting. There were
two passengers in the forward cabin that succumbed to the effects of the fire.

This accident is of extreme interest since it was the first survivable accident involving fire
since the implementation of the floor proximity and fire blocking rules. Initial indications from
passenger interviews were that no one utilized the floor lighting in the egress of the aircraft.
That could be expected since the accident occurred during daylight and large breaks in the fuselage
provided visible means out of the aircraft. From visible remains of the cabin materials and
passenger accounts of the evacuation, it could be concluded that fire blocking on the seats did
extend the survival tine in the forward portion of the cabin. Although an exact additional escape
time or added number of survivors that could be attributed to fire blocking cannot be determined, an
estimate utilizing past test data was made. The estimate of additional time is based on figure 12,
taken from reference 5, which shows curves of survival time versus fire threat for blocked and
unblocked seats. If we find the point on the blocked curve equating to 4 minutes 20 seconds, and
then find the survival time on the unblocked curve for the same fire threat, the time equals 2
minutes and 50 seconds. Therefore, using this method, an estimate of 1 minute and 30 seconds of
added survival time was provided in this accident due to the incorporation of fire blocking.
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To estimate the number of added survivors we can utilize the model from reference 1. Knowing
that the last person exited at about 4 minutes 20 seconds, and because of the breakage in the
fuselage and trauma caused by impact, it was estimated that the full evacuation began 30 seconds
after stopping, with a few passengers near breaks evacuating in the 15 to 30 second range. Figure 13
shows the curves developed for this accident. The same figure also shows the curves developed under
the assumption of no fire blocking (using an evacuation time of 2 minutes 50 seconds). In that case,
the total survivors would have been 57. Therefore, the calculated number of lives saved due to fire
blocking was 37.

MDIIENTS

In many cases, the difference between an accident and an incident is pure luck. The probability
of the next aircraft accident having similarities to a given past incident are the same as the
probability of similarities to a given past accident. It is therefore extremely important that all
incidents, considered aircraft or life-threatening, be investigated, analyzed, and understood. It
should be noted that because of the limited damage in some incidents, much more information
concerning the start and spread of a fire can be learned than in an accident. The following are
examples of incidents that have led to research and/or safety improvements in aircraft:

1. UfTA - Paris, France.

A fire ignited in the lower area of the forward cargo compartment of a UTA 747 as maintenance
personnel were cleaning rollers and track in that compartment. The cleaners had some rags and
cleaning solvent in the compartment at the time. The maintenance personnel tried to fight the fire
and notified CFR. The fire spread rapidly around the cargo liners and up into the cabin. The oxygen
system was breached causing a localized, high intensity fire. By the time the fire was extinguished
by the CFR, both the main deck and upper deck cabins had been gutted by fire (figures 14, 15, and
16).

Investigators found that the fire in the cargo compartment destroyed many seams, joints, and
fastening systems allowing liners to fall and provide paths of fire egress from the compartment
(figure 17). The fire also spread up around the bottom cargo liner seal on the thermal insulations'
outer covering. Flames entered into the cabin through the floor grills in the passenger cabin.

This incident was a major force in including seams, joints, and fasteners in the new testing
requirements for class "V and "V' compartments. The requirement for cargo lining material on the
lower sidewall of the cargo compartment was also an outgrowth of this incident.

2. ATA - Chicago, Illinois.

A fire ignited in the forward cargo compartment of a DC-10 as cleaners were servicing the cabin
area. The fire was started in a container by an activated solid oxygen generator (the generator had
accidentally been activated by a mechanic who a few minutes prior to the fire had entered the
compartment and coptainer in search of a replacement seat back) in contact with some bubble plastic
wrap. The fire spread quickly, with seams, joints, and fastening systems failing, causing cargo
liners to fall and the fire to gain access to the cabin area through the floor. By the time the CFR
personnel extinguished the fire it had destroyed the aircraft, burning through the fuselage along the
top (figures 18, 19, and 20).

Besides reemphasizing the same problems as seen in the JTA incident, concern was focused on
solid oxygen generators and their safety.

3. Jordanian Airlines - Singapore.

A Jordanian Airline L-1011 experienced an in-flight fire while at 24,000 feet approaching
Singapore Airport. The flight crew experienced electrical faults and an overheat warning in the
cheek-area adjacent to the C-3 cargo compartment. Shortly thereafter, a fire warning occurred for
the number two engine. Smoke began pouring into the aft cabin, and flames were seen entering the
cabin through a floor grill in the aft left side. A flight attendant reported firing a Hlalon
extinguisher at the flames and they disappeared. At about 14,000 feet, the aircraft experienced a
sudden depressurization. The smoke subsided in the cabin, and the aircraft landed with no further
problems.

Investigation revealed that a fire began with an arc from a power feeder cable to a titanium
bleed air duct. The titanium, ignited end fed by the 400 OF bleed air which exited the ruptured
duct, continued to burn. A 3-foot length of duct was consumed in the incident. The hot air and
molten titanium (3200 OF) then ignited some epoxy/fiberglass ductwork in the area, and the gases
produced by the overheated resins caused the fire to spread around the aft pressure bulkhead and into
the overhead. Fire impingement on the aft pressure bulkhead melted and shorted wiring, causing the
number two engine fire warning, and then causing a rupture of the bulkhead and depressurization of
the cabin (figures 21 and 22). Since most of the burning was on the surfaces of materials and gases
produced, the sudden rush of air due to the hole in the bulkhead blew the fire out. Luck was with
this flight for, as shown in figure 23, the main fuel line running just under the cabin floor, was
almost penetrated by fire just forward of the aft pressure bulkhead. Mat if the fire had started at
a higher altitude, further from an airport, or the pressure bulkhead had not burned through?
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4. Monarch Airlines, United Kingdom.

A Mnarch Airlines 757 experienced an electrical failure in flight causing the loss of almost
all electrical power. An investigation revealed that in stamping wire numbers on some Kapton

TM

cabling, the insulation had been cracked. Moisture had caused a carbon buildup and a phenomenon
known as wet arc tracking had occurred. This incident focused attention on Kapton wire. A program
studying wet and dry arc tracking (12), as well as smoke and flammability of electrical wiring, is
now being conducted by the Federal Aviation Administration.

FINAL COtMfRIS

It should be noted that although past accidents have been used to determine possible benefits
from safety improvements, past individual accidents cannot be used to predict the future. Benefits
were derived by trying to determine what would have happened in a past accident had various
improvements been installed. In order to roughly approximate future accidents, it is necessary to
generalize past accidents and look at trends. In doing so, there are two classes of fire accidents:
in-flight and postcrash.

In-flight Fires

The major in-flight fires are hidden fires. The major emphasis must be improved materials in
hidden areas (behind sidewalls, above ceilings, and in lavatories) and better fire protection systems
in cargo compartments and other hidden areas. Another area of concern should be the protection of
passengers and crew from smoke and gases generated by an in-flight fire. That protection could be in
the form of better smoke venting; protective breathing devices; or less flamable and less smokey
materials.

Postcrash Fires

Analysis of past accidents shows that passengers must be given more protection from the spread
of the external fuel fire into and through the cabin. This may be done by minimizing the external
fuel fire (less flamable fuel, better CFR, etc.), by reducing burning in the cabin (ioproved
materials, fire suppression systems, or fuselage burnthrough protection), and by improving passenger
evacuation.

1-¢
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Fiue1. Saudi L-1011 parked on taxiway-

Figure 2. Saudi L-1011 as seen from overhead.

Figure 3. Korean Airlines 747 approximately 5 minutes
after coming to rest.
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Figure 4. Spantax DC-0 on fire (photo by passanger).

Figure 5. Right side view of Air Canada DC-9 after in-flight fire.

Figure 6. Left, aft lavatory (area of fire origin), Air Canada DC-9.
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Figure 7. Cabin area looking aft, Air Canada DC-9.

M, TS " 7 -:.%

Figut' 8. Remains of Gulf Air 737.

Figure 9. Remains of Gulf Air 737.
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Figure 10. Aft right side of Delta 727.

Figure 11. Aft left side of Delta 727.
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Figure 12. Calculation of added evacuation time due to the use of
fire blocked seats.
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Figure 13. Calculation of added survivors due to the use of
fire blocked seats.
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Figure 14. Outside view of UTA 747 after ramp fEre.

Figure 15. Cargo ceiling with fixtures, UTA 747.

Figure 16. Upper deck view of UTA 747.
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Figure 17. UTA 747 cargo light fixture failure.

Figure 18. Outside view of ATA DC-10 after ramp fire.

PJ1-

Figure 19. View of main cabin, ATA DC-10.

f



Figure 20. Cargo and cargo liner damage, ATA DC-10.

Figure 21. View of the check area adjacent to C-3 cargo campartment,
Jordanian Air L-1011.

Figure 22. Arced power cable, Jordanan Air L-1011.
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Figure 23. Fire damaged fuel line, Jordanian Air L4011.

DISCUSSION

I.!l. SARAVANAMUTTOD (comment)
I am speaking as a passenger, and my remark is aimed at

the airline operator and not the manufacturers. You pointed
out the problem with carry-on baggage in the Spantax accident.
It is extremely important that operations staff are ruthless
in enforcing rules regarding carry and baggage, and this does
not require any technical development. In a similar vein, a
747 may carry upwards of 100 gallons duty free (and inflammable)
liquor, presenting both a fire hazard and a problem of dangerous
missiles being thrown about. All this requires is that all duty
free liquor be purchased at the destination rather than the
o:igin. It is well known that many airports make large profits
from duty free sales, but it makes no difference whether they
sell to outgoing or incoming passengers.

R. RACKE
1.1 What was the cargo lining material used in the Sandia

L-1011 accident, august 1980.
1.2 How long did it take for the fire brigade to reach

the aircraft after the fire was reported in the ATA accident.

AUTHOR'S REPLY:
1.1 Nomex
1.2 5 minutes

E. PETINGA
As far as the passengers cabin is concerned, what is being

done in order to reduce lining materials from poisoning the
air with toxic gases and fumes and melting on the occupants.

AUTHOR'S REPLY:
The regulations governing those materials were recently

change. More fire resistent materials are now required, and
those requirements become even more stringent in 1990.

M. FAVAND
The different pictures showed that there are no enveloppes

of blankets left (blankets of thermal and acoustical isolation)
even if there are still seats, windowframers, etc.
Do you agree that there is a problem of fire resistance of the
enveloppes of blankets.

AUTHOR'S REPLY:
The thermal acoustical isolation is not designed to

withstand a fire. However there may be a problem with some
covering materials for the isolation in spreading smaller in
flight fires.

F. TAYLOR (comment)
About the number of doors, my studies show that loadfactor
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40% or 100% ) seems to have no effect on the propo'rtion of
people who die. So maybe we do have enough doors or maybe we
need to know more of the psychology of evacuation.
Not mentioned so far, but a finding in the AAIB report on the
Manchester accident, is that very slight winds can have a
dramatic effect on the fire. Amongst their recommendations is
one to fit external video cameras to give the crew a view of
the aircraft fire and smoke on a cockpit monitor.

L -
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AIRCRAFT FIRES - A STUDY OF TRANSPORT ACCIDENTS FROM 1975 TO TIlE PRESENT

A.F.TAYLOR
Cranfield Aviation Safety Contra
College of Aeronautics,
Cronfield Institute of Technology,

Cronfield, Bedford MK43 DAL,
United Kingdom.

SUMI4ARY

A Further study is being made, on a world-wide basis, of accident summaries and
reports together with recent papers an the various aspects of fire safety. The aim
is to compare the period since 1974 with the first twenty years of survivable
accidents to turbine powered aircraft as presented to the 1975 AGARD Symposium in
Rome.

11hile the study is still Far from complete it does seem that, although some lessons
have been learned and improvements have been made or are on the way, crashworthiness,
fire and survival remain areas of major concern.

INTnODUCTION

This is not the paper I had intended to write since the above summary now reflects
the continuing incompleteness both of our data base and our analysis of it. For this
I apologise but it is hoped that this more general 'overview' will be of at least
equal value to the more detailed analysis and comparison that had been envisaged.
Please note also that the use of the first person in the paper is deliberate since
this will now be a personal view rather then a totally dispassionate study.

Ply starting point was, and still is, my AGARD paper (reference 1) presented in Rome
in 1975. This was to the bost of my knowledge one of the First attempts made to use
statistics to compare different groups of accidents. It was successful in so Far
that the first 20 years of turbine powered aircroft operations had by then produced
just sufficient accidents for statistically significant differences to be detectable.
At the time I felt not a little apprehensive in pointing out that the 20 year
accident record confirmed what had been predicted from theory and experiment From the
very outset of turbine operations. I was of course referring to the us... o' titu im
dangerous, low volatility fuels, namely kerosine ratner than gasoline or wide cut
fuels. Perhaps I also felt angry that lives had been lost in the time taken to
'prove' what was, to many, already self evident and described in referenco 2.
Further studies (references 3 and 4) and several excellent and comprehensive reports
Followed, which together laid the Foundations for the use of past accident data to

help in the evaluation of possible safety mesoures. Some of these will be discussed
in the next section.

Porhaps the major success of the 1975 AGARO conference and the resulting discussion,
however, has been the increased awareness of the importance of crashworthiness and
survivability, not least when fire occurs, to aircraft safety and as reflected in
aircraft accident investigation and the resulting reports. 1lithoit wishing to
belittle in any way the efforts of other authorities I nevertheless believe that the
AAID report (reference 5) on the Manchester 0737 accident in August 1905 does
represent a milestone in the investigation and reporting of an aircraft accident

involving fire.

Iith this in mind I should like to repeat an opening paragraph of a brief paper given
at the Royal Aoronautic~l Society in 1986 (reference 6):

'The main purpose of any statistical review must be to establish where our limited

'safety money' is boot spent. The traps we era otherwise liable to fall into are (i)
overrnction Following what may in Fact be a one off, unlikely to be repeated
accident or (ii) under reaction as a result of treating an accident with many
similaritioes to previous accidents as if it were a one off'.

and also the conclusions:

'The 1anchoster 8737 accident although apparently very severe was in fact fairly
typical of a survivable, on the airport Fire accident with no fuselage domago and no
Fatalities due to impact trauma. The findings and recommendations of the Accidents
Xnvestlgation Dranch will therefore be relevant not only to this one accident but to
a largo and important group of accidents. They should therefore be followed up by
all concerned with even more than the usual urgency.

tthore appropriate research should continue in areas that could make this type cf
accident loss hazardous to the occupants.'



- 2

2-2

Thin brings us full circle with the original intention of the paper being to set out

a complete list of relevant accidents to make the tank of adsonsing priorities that

much easier. In this I have failed due to circumstances not relevant to this
meeting, however I trust that the list that in appended in conjunction with others

presented or to be presented at this meeting and those From the past few years will
prove useful. As always the original starting point for any list of accidents is the
CAA's invaluable World Airline Accident Summary, IAAS, (reference 7) which usually
makes plain which accidents need to be followed up regarding factors such as fire and
cause of death. However by itself the IAAS may sometimes, through no Fault of its
compilers who rely on often inadequate information, be misleading. There have in
fact been several accidents where a reading of the WAAS alone would not reveal the
existence of fire let alone deaths due to fire and some comparatively recent papers
have failed to capitalise on work already published which provided Far more details
than the WlAAS, For example reference 8, probably the most comprehensive study yet
completed and reference 9 which is more readily available. Others are referenced
later and no doubt other valuable data will be presented at this symposium.

STATISTICS, COST BENEFITS, NET SAFETY BENEFITS, ETC.

When I First studied statistics, loroney's 'Facts from Figures', reference 10, was
only three years old; it continues to be in demand after 38 years! Apart From
providing an excellent introduction to statistics the author headed each chapter with
an apposite quotation (individual references For these quotations will not be given)
and many of these have remained with me while much of the theory has been forgotten.
Some are well known, most are worth repeating as containing in them a large measure
of, if not always complete, truth.

For example, and perhaps as a reminder that we should always start with an open mind
Francis Bacon once said:

'If a man will begin with certainties he shall end in doubts; but if he will be
content to begin with doubts he shall end in certainties.'

To remind us today that we must be very careful to include all relevant information
Lord Brougham, 150 years ago, stated en equivalent to the 'lies, daAned lies and

statistics' put down in that

'You have only to take in what you please and leave out what you please; to select

your own conditions of time and place; to multiply and divide at discretion; and you

can pay the National Oebt in half an hour. Calculation is nothing but cookery.'

Even if you have been careful, in the truthful sense, both with your information and
with your use oF it, A.N.Whitehead made the statement, even more true now in our
world of computers, that:

'There is no more common error than to assume that, because prolonged and accurate
mathematical calculations have been made, the application of the result to some Fact

of nature is absolutely certain.'

It is perfectly natural and requires no ulterior motive whatsoever, to select for

study just those accidents that one believes are relevant to the subject in hand.
Thus if one is concerned with saving lives there is clear justification and logic in

looking only at fatal accidsnts.IWith real care some useful conclusions may come out
of such a study but it may be recalled (reference 1) that a comparison of fatal but
survivable accidents alone could have load one to deduce that the presence of fire
made little or no difference to the proportion of those an board who were killed,
about half, with or without Fire. It was only when related non-Fatal accidents were
considered alongside the fatal that the significance of fire become apparent, with no
fire only some 8% of the occupants died but with a fire present in a group of
otherwise similar accidents this increased to 26% as a result of a larger proportion
of accidents becoming Fatal.

Similarly if one is principally concerned with pnsonger safety there is much sense
in confining one's study to passenger carrying flights. In fact if our sample size
were largo enough there would probably be no argument against doing this. As it is
such a semle is still mercifully small, often too small For any statistical
analynis. [low while I believe it may be quite proper to exclude crew training
flights and other non-passenger Flights From any study related to accident causes,
that is to preventing accidents, I suggest that ouch an exclusion need not and should
not apply to any study of crashworthiness or survivability since the original cause
is largely irrelevant to such a study. I therefore suggest that crew training,
cargo, executive and other flights, both non-fatal and where one or more crew members
died or escaped only by the skin of their teeth, are highly relevant and should also
be considered. This is particularly so if one is involved in a 'what might have
happened if' atudy.

On the other hand if one is looking for disbenefits it is natural also to include
non-fatal accidents so as to consider whether som of the survivors in these might
have actually died had some proposed 'safety' device boon present. There is nothing

at all wrong with such an approach, indeed it is absolutely vital that the

disadvantages are always considered alongside the advantages, I merely wish to
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expreos my Fear that no selection of accidents can be totally Fro of a bie that
could affect the results; hence my own attempts to reduce selection to a minimum and
include as many accidents as possible in any comparative study. For this study an
attempt has been made to include all potentially survivable accidents involving Fire

and/or spilled Fuel.

A problem at present is that the results of many studies are likely to be strongly
affected by a handful of 'major' accidents. Unfortunately few, if any, of these
appear to have been investigated with the thoroughness that the AAID applied after
the Manchester accident, and it is only with the benefit of all the information now
available concerning this accident that one can venture to suggest 'what would have
happened if ... ' with any confidence at all. Even in this case there are surely no
certain answers, only probabilities albeit sometimes very strong.

At this point I should like to try to set out my position concerning the use of
accident data for assessing safety measures. Having started in the early sixties by
arguing that one could and should draw valuable conclusions From a handful of

accidents, backed by theory and experiment, and played down the counter argument that
all accidents were different and one couldn't possibly say 'what would have happened
if ... ' (and this was the principal argument of the pro-JP4/wide cut lobby) I moved
in the seventies to a pro-statistical approach (it could cynically be suggested
because this confirmed my earlier prejudices) and now in the late eighties Find

myself doubting the value of some safety boneFit analyses which should combine the
best of both worlds (again it might cynically be said because I don't always agree
with the results).

In Fact this change of approach has come about as a reflection of the increasing
amount of data that has gradually become available, my only concern is that this
should be used and be seon to be used with an open mind in a disinterested manner.
This is not easy and I venture to urge extreme caution to those concerned. The
aviation Fuel issue may have been unique in providing sufficient data to confirm a
considerable difference in post crash fire properties at a stptistically significant
level and at a time when there were no other competing solutions. I still Feel
strongly that we should not again have to wait 20 years For such d5FFerences to be
'proved' by the accident record. To this end I support the concept of net safety
benefit analyses providing the results are couched in terms tlat reflect their
unavoidable lack of precision.

To ay that in accident A safety measure Brand X would have saved say 20 lives may be
a reasonable view. flowever it is more likely that a more balanced consideration of

the circunstances would lead to the conclusion that taking a 'worst case' only 10
lives would be saved and taking a 'beat case' 35 would have been saved. In accident
0 the circumstances might be different and better documented such that the spread
would be smaller, say between 50 and GB. In another poorly documented accident C the

only valid conclusion might be anywhere between 0 and 100 lives saved. The relative
danger of assigning any precise Figure to accident C is obvious.

Consideration of safety measure Brand Y might give better or worse results with more
or less scatter and at a different cost. Such a comparison might be useful if one

could be sure that one was looking at a range of accidents likely to remain typical
and that the analyses had boon completely Fair to each safety measure. Out what if
there were 3 or 4 competing saFety measures? Bc you start from the previous 10 or 20
year baseline or do you try to take into account changes recently or about to be
made? That is do you guesstimate the lives that might have been saved by Brand X,
which is just being introduced, before guesstimating how many more might be saved by
Brand Y or Brand Z?

I suggest that there is nothing wrong with making such an attempt but sight should
never be lost of the often poor quality of the initial data nor of the progressive
and further loss of quality, i.e.accuracy, every time one makes ouch a guesstimate,
much as one must beware of taking too much notice of the small difference between two
very large quantities.

This is of course not on academic question, For the First time within my experience
there are indeed several safety measures being discusced that could improve cabin
safety. We therefore hove to ask ourselves questions that may never have arisen
before, though the central one of 'where our limited saFety money is boot spent'
remains. The first subsidiary question to this should perhsps be 'is it reasonable
to bearch For one Best Buy or should we hedge our bets?' Coupled with this is the
question 'do we seek perfection in one Brand or is our money more effectively spent
by developing several Brands, perhaps bearing in mind the low of diminishing returno,
to a slightly lower standard?'

So long as ouch a choice exists there also exiots the possibility (in the long run
the certainty) that an accident will occur after which it can be argued and maybe
proved that we made the wrong choice, thereFore we are liable. Since this applies

whichever choice we make we can ignore this aspect altogether, so long that is ia a
reasonable amount of safety money is spent and that the decisions we make are based
on reasonable and deFensible premises.

- , -
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Ily own view as expressed at an Air Safety Symposium in Brussels (reference 11) is
that thore is no single solution, no Brand however perfect could possibly save all
lives under all accidont conditions. At the soma symposium the passenger in seat SE
(reference 12) expressed a similar view and provided a list of 11 topics deserving
attention but not all directly relevant to aircraft Fires.

neFerence 11, written around the flanchester 0737 accident referred to a similar list
of topics all in some way to do with Fire protection. It was suggested that these
should not compete For our attention, nor in particular For the attention of the
airworthiness eathoritios, rather they should all be considered and if possible
introduced at some reasonable, necessarily non-perFect, standard. The principal
topics discussed were the provision of

(i) external camera(s) and cockpit monitor

[Ii) a cabin water mist system

(iii) less Flammable Fusls,ie JPS/AVCAT or A11K rather than JPO/JetA/AVTUR

(iv) improved cabin wall/ceiling materials

(v) passenger smokehoods

Others mentioned concerned:-

(vi) Fuel tank and Fuselage integrity Following ,undercarriage collapse etc.

(vii) greater protection of Fuel/hydraulic lines passing through the Fuselage.

(viii) compartmentation of the Fuselage

(ix) onboard extinguishing system in equipment bays

(x) passenger smoking.

One should add to theon improvements in:

(xi) access to cabin exits

(xii) safety instructions to passengers

(xiii) cabin staff training

(xiv) certification evacuation procedures

(xv) strength/stiFfness requirements For all overhead panels, bins, etc (and
perhaps dynamic tooting thereof)

The list can bo added to with consideration of limiting

(xvi) carry on baggage and duty Free goods

and so on.

I hope it can be agreed that while an order of priority might be useful, those should
not be in competition with one another and there should For example surely be no
question of adopting either smokehoods or a cabin water mist system, nor of accepting
without question that we don't need either now we have Fire blocked soats. It would
be equally wrong to state that we must have the whole list without Full and proper
evaluation and discussion. Ifowever the AAIB in the Manchester 8737 report (reference
5) does strongly support this broad based approach and in the 31 safety
recommendations does refer specifically to about half of these topics and give
considerable emphasis to i), (ii), (v) and (xiv).

The use of past accidonts that I see as most beneficial is therefore not only to
support or shod doubt on the need For a particular safety Feature but also, and more
importantly, to establish the conditions under which the various sarety Features are
most likely to have to work. Only with this information can they be designed
properly to give maximum benefit to the passengers.

Considering just a Few of the topics listed I would like to look at soma of the
questions that we should try to answer (and which I had originally hoped to answer in
this paper).

External camera(s) and cockpit monitor

This system is of great value in Flight as well as on the ground so the questiors are
more varied than with some other systemB.

Do we need to view the whole of the aircraft or ore some areas so trouble Free that
we can ignore them? Will a top of fin camera looking Forward end an undernove camera

-- ---I-j -
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looking backwards cover enough with suFFicicnt detail to be of value? In other words
what failures etc are we hoping to chow the crow? Do we need to keep recording after
landing/engine shut down? IF so we need a much longer tape than the 30 minutes
currently in use in cockpit voice recorders, and even without this requirement should
we cover the whole flight, maybe well over 1Z hours in some cases?

Cabin water mist systems

What degree of damage to the fuselage should we expect the systen to tolerate and
still provide protection? An answer to this may be Found in reference 6 (token from
reference 13), this was that up to 1978 roughly half the fire dbaths hod occurred in
accidents where there woe little or no damage to the fuselage (the Manchester 0737
was of course like this), the rest pri6cipally in those where there were one or two
breaks in the fuselage. The recent accident to a 0737 at Kegworth (reference 14)
perhaps typifies this kind of accident, the fuselage ended up in three pieces one of
which was upside down, and there was a considerable quantity of spilled fuel (but on
this occasion no Fire). Of the 126 on board 47 died and only S eccaped serious
injury. V-d the Fuel ignited it would have threatened all 3 pieces of Fuselage and
those Cropped and injured inside. The record needs to be examined to see if this
represents a realistic worst case, initially it is suggested that excellent reports
such so references 15 and 1G should be reexamined with this question in nind,
including whether systems should work upside down'

It was also noted at Kegworth that not only the overhead bins but also most of the
coiling panels had failed; that is they had fallen, probably with sone considerable
force, onto the passengers. While the design of any protection system nuso tolerate

some degree of trim Failure the regular and frequent occurrence of overhead bins
coming open or Failing altogether, even sometimes with a heavy landing, is surely not
acceptable. le must consider the degree of improvement necesnary.

The Civil Aviation Authority, CAA, in its discussion document, reference 17, poses
many other relevant questions regarding this system including reference to use in
flight. Aircraft electrical systems already have to cope with spills, condensation
and pressure changes that can Force water into any nook or cranny, would a water mist
be much worse? I personally doubt it but tests are needed.

Passenger smokehoods

Although early proposals following the f1anchoster 8737 accident concentrated on use
when threatened by a ground Fire discussion quickly moved on to use following the
start of an in-flight fire within the cabin or underloor volume. Current proposals
and the CAA's specification relating to passenger smokehoods call for protection
against both ground and inflight fires. However one should continually reassefs the
comparative risks to ensure that the best compromise is reached, for examplc
concerning the duration of protection required.

One crucial question that a detailed study of past accidents might answer is:- In
what proportion of accidents hoe flash over actually occurred?

Flash over would seem unlikely to occur if, as with a Kegworth type accident, the
fuselage is broken open during the initial impact and is thus fully vented. It did
not occur in the initially intact fuselage of the 0737 at tlonchestcr, probably
because of the rapid tail collapse and burn through of the roof near the point of
collapse whwch also allowed smoke and hot gases to escape. Thus Flash over might not
in practice be the threat sometimes assumed in the past. Referenco 5 argues this
case convincingly.

The accident record does help with this, see roference 8 For evidence compiled by an
aviation pathologist, but I believe that further experimental work with a normal,
non-fire hardened Fuselage, at For example Atlantic City, is needed to provide
additional information concerning conditions in a cabin with roof burn through or
intentional roof venting. This would of course bo of relevance to many other
possible safety measures as well.

Other questions relate to access and donning of smokohoods, the answers to which
might help us assess whether any delay caused by the action of getting a smokehood
out is likely to be of significance to the survival rate. So how rapidly have fires
invaded the cabin?, how many people have evacuated before smoke has reached them, how
many hive been brought to a virtual standstill by a blockage in front of them? Note
that while a blockage might be aggravated by people reaching for smokehoods that they
in Fact didn't need the people at the back of the queue are the ones who may die
without a smokohood but who may survive almost indefinitely with a smokehood
providing flash over does not occur.

Again while the accident record may provide some answers further evacuation testing

in realistic conditions would also be invaluable.

In more sovere accidents what proportion of the trapped and/or injured passengers
would have been able to reach and don their smokohoods? This question may wall be
asked during the Kogworth inveostigation and samo evidence from pact accidents may

t
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olso be available. It is likely that a considerable number of people in such an
accident involving post impot Fire would, though trapped or incapacitated, be able

to don a smokehood which might keep them alive until the Fire service arrived, It is
also likely that some would be unconscious or otherwise incapable of doing anything
for themselves and for them a water mist system, if it still worked to at least some
extent, might be the only answer. Perhaps accidents of this nature make the case

better than any other for a belt and braces approach.

THE PHILOSOPHY OF CnASHWOnTHINESS

Justification for dealing with crashworthiness and survival rather than with
preventing accidents is not needed at a meeting such as this, however I should like

to include a Few thoughts on the subject.

Crashworthiness, in one sense, is still a second line of defence but because of the

diverse nature of causal Factors it should be and usually is now treated as being of
equal importance to conventional airworthiness, i.e. as a first line of defence.
Certainly accident investigators are now heeding the ICAO Manual's instruction
(reference 18) to give equal weight to crashworthiness and survival as opposed to
cause.

It may be argued that as the chances of having an accident are small the level of
passenger protection required need not be of a particularly hign standard to still

give a valuable safety improvement. A result of this approach is that it can lead to

playing the numbers game. For in the current climate of safety assessment and

acceptable accident rates one could Find the absurd situation where the provision of

say smokohoods to only half the passengers, or 16g seats For those in the rear cabin,

could be just enough theoretically to move a particular and crucial Failure condition
From 'catastrophic', involving multiple deaths, down to 'hazardous', involving the
death of a small number of occupants. Providing we do avoid the absurd there may
nevertheless be merit in iuch a combined approach if it prevents us From seeking an

unrealistically high level of protection.

An equivalent approach has I believe been used in protecting fuel tanks From engine

debris. It may be argued that dangerous engine.Failures are rare but not rare enough

to ignore. At the same time total, guaranteed shielding of all vulnerable parts is
impracticable but ensuring that high velocity debris is likely to penetrate the fuel

tanks (or other vital parts) only once in ten failures, or once in fifty, might be
enough to meet the required and agreed standards.

A conclusion of this approach is that quite small improvements in cabin safety may

indeed be worthwhile, even cost effective, to the manufacturer as well as to the
passenger.

The submission that in the present remarkably safe climate of civil aviation the

spending of a larger proportion of our safety money on crashworthiness and

survivability is cost effective stems From the fact that there may be hundreds of
different and 'argely unrelated reasons why an aircraft ends up in a smoking heap in

the undershoot, on the runway, or in the overrun ares. To prevent even a small
proportion of these would cost a great deal: to concentrate on the smoking heap
benefits all of them.

Only a month before the Monchester accident a UASA CV-990 rejected its take off at
arch Air Force Base California (reference 19); debris punctured the Fuel tank; the

spilled Fuel caught fire before the aircraft came to rest; the Fire burned through
the Fuselage skin; the rear Fuselage collapsed onto the runway; the fire service

couldn't deal with the interior fire; stc.atc. Very similar statements could be made
For accidents all round the orld, only the initial causes have differed. With the
CV-990 it was wheel debris tnat punctured the fuel tank and not an engine combustion

can as at Manchester; also, erhaps because there were only 19 en board, all escaped
without injury.

It is worth noting that this accident does not appear in the usual lists because it
wai not a normal civil operation. This may partially detract From its relevance but
not entirely.

One of the key factors used in the early and mid seventies to justify more effort

being put into survival was the lack of any improvement in the survival rate in

survivable accidents (e.g. in reference 1). Since then, aespite an apparent
improvement between 1977 and 1982, the situation does not appear to have changed.
feference 20 states that 'ahen the statistics for survivable accidents and Fatal
survivable accidents (90% of all accidents are survivable by some or all of the crow)

are examined, it can be observed that although there is greater variability (from
year to year) the percentage of fatalities For the lost few years was similar to the
percentage in the early sixties.'

It is of course hoped that the improvements that have boon introduced over the pest
Few years will before long be reflected by improvements in the survival record and
that we have not just been running hard in order to stand still. The record to date
however suggests that we must keep on running hard!



2-7

ANALYSIS

The Format First presented in reference 4 and showing, For any chosen group of
accidents, the overall percentage killed and the percentages due to impact and to
fire has continued to be most useful and is used again here. The principal advantage
of the chosen tabular presentation of the dotae s ',hot it allows many different cross
checks to be made, initially for spotting errors and then For unexpected trends,
correlations (in o loose sense) and often to generate new ideas.

For this paper the Tables illustrate typical data output From the Cr-nfield program
but since the number of accidents in recent years where as yet we do not know the
breakdown of deaths due to impact and Fire is large, I am limiting the Figures to
some simple comparisons. These show the total Fatality rate and the proportions due
to impact and to Fire. In order to compare the rnte due to Fire more readily this is
repeated alone in the Form of those killed as a result of the Fire as a proportion of
those who have survived the impact. In each case the number above each column is the
number of accidents in that group, adjusted where necessary to compensate For lack of
detailed information.

The means of adjustment is similar to that used in reference 4 From which I quote 'In
order to evaluate and present Figures For the proportiors killed by impact or by Fire
it has been necessary to make allowance for those accidents where the cause of death
is not known. IF For example there were 10 fetal and 10 non Fatal accidents in a
particular group and the cause of death was known in 8 of the 10 Fatal accidents then
it is considered acceptable to combine, in effect, 8 of the 10 non Fatal accidents
with these to provide 16 relevant accidents in all, not 18. If the same technique is
used on all the numbers involved it is believed that the resulting 'adjusted totals'
may be used For statistical purposes with a high degree of confidence.' A small
change has been made to this technique which I leave the interested reader to Fathom
out.

Another useful Factor that was incorporated into our tables around 1978 is the use of
two 'percentages' For each set of figures. When these are similar one red look no
further, and I have in the past normally used the lower of the two which is obtained
directly from the 'sums'. The upper percentage is the average of the individual
percentages, if the two differ by more than say S or 6% then it is worth Finding out
,hy. The most likely reasons are that in a small sample one accident involving a
large number of people, whether Fatalities or surivors, may dominate the lower
percentage but not necessarily the upper. Conversely a single high Fatality rate
accident involving only a handful of people may dominate the upper but not the lower.
For this report I have continued to use the lower value as being the more
straightforward but this is under review.

A recent addition has been the presentation of the 'mean accident' under each

heading, For example For jet aircraft with more than 60 seats and an overall load
Factor greater than 20% the 'mean Fatal accident' involving no impact deaths was as
Follows:

44 killed from 132 aboard in an aircraft capable of carrying 197 people
including crew.

This, one can see at a glance, is in no way unusual or unlikely.

Figure I considers the complete list of accidents over the period 1955 to 1989 From
which it can be seen that there has been no consistent improvement in the survival
record. A Five ar moving average has been used in an attempt to smooth out the
effects of particularly good and bad years, however it can be seen that the good
period around 198a and the bad period around 1985 still stand out. To see whet is
happening since 1985 a further period of only just over three years has been included
which encouragingly suggests a return to 'normal' For total Fatalities and, on
evidence from only a small proportion of the Fatal accidents, a continued and welcome
reduction in the proportion of deaths due to Fire. In fact due to the large number
of 'unknowns' the relative importance of impact and Fire cannot yet be reliably
assessed For any period after that centroa on 1981, though the similarities For
different groups discussed below suggest that the accidents For which Figures are
available are reasonably representative of the whole.

A cruder but probably better comparison is shown in Figure 2. Th s compares all the
listed accidents For the two periods 195S to 1975 and 1976 to 1989 (obviously
incomplete!). The number of accidents in each period is virtually the same and so is
the broak down between impact and Fire.

In reference 4 a significant difference was noted between jets end turboprops with
respect to the proportion killed by impact. The higher proportion For turboprops has
continued as can be seen in Figure 2, the proportion killed by Fire remaining
unchanged.

Earlier in the paper it was argued that when looking at survival aspects one need not
eliminate crew training and cargo flights from a study primarily looking at passenger
safety. The principal reason for keeping them in is perhaps that if a high
proportion of the crew die or suffer severe injury it is often fairly certain that



2-8

hod there boon passengers then they too would have suffered and hence there should be
a great deal to be learned from these accidonts of relevance to passenger safety.

To see whether limiting the jet sample to passenger carrying flights and excluding
small jots made any significant difference to the proportions killed, Figure 3 was
plotted. The comparison of all jets with those with more than 60 seats and with
the;e restricted further to an overall load Factor of over 20% shows remarkably
little variation. Also, since turboprops, particularly the larger ones, have
increosingly been used For cargo Flights these have been looked at with a load factor
of over 20%. Although not shown on the Figure the average overall seating capacity
of the turboprop aircraft involved fell, both with the more recent time period and
with the limitation to only passenger flights, however the proportions killed remain
remarkably similar.

Figure 4 looks at the widebody jets, defined hero by having a seating capacity of
over 300. In the pro 1976 period there were only two relevant fatal accidents
(14airobi 8747 and Everglades Tristar) and in the latter period there have been some
particularly bad ones (the Tenerife 0747 collision and the marginally survivable JAL
0747) thus the two periods are markedly different with a relatively small sample in
each. However the combination of the two periods puts the widebody record almost
exactly the eame as the overall jet record! Restricting the accidents to these with
a load factor of over 20% merely eliminates four non fatal accidents and only
slightly changes the proportions.

For jets with Fewer than 20 seats, the overall picture is very like the other,
larger, jets. This again is perhaps rather surprising.

CONCLUSIONS

The accompanying list of accidents involving fire and/or spilled fuel represents
Cranfiold's first step towards bringing the survival record up to date end no doubt
some interesting differences will emerge when analysis has been completed. However
there is no doubt that many accidents have occurred during the lost 10 to 15 years
that are replicas of those occurring during the first 20 to 25 years of turbine
operations and these have been studied and reported on in considerable detail by a
number of authors.

It is unlikely that recent and future trends will differ greatly from the pest and
there is no guarantee that any new trend will continue unless there is a clearly
defined underlining cause, lie should therefore make the best possible use of the
data and analyses already available to us and thus ensure that by putting the more

detailed or single subject contributions made at this symposium into the context of
real accidents we get maximum benefit From them.

ACIKO WLEOGE1EIIT

I em deeply indebted to my colleague Ralph Anker for his perseverance in bringing our
basic list of survivable accidents up to date and For getting our analysis program
working again with some significant improvements of his own. lie can now concentrate
on keeping up to date, reducing the number of unknowns and correcting the errors that
no doubt still exist.
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LIST OF ACCIDENTS

The following lists cover the accidents currently thought to be relevant to any study
of aircraft cabin fire protection. It therefore includes all accidents where

a) there woo a post impact fire.

b) there was fuel spilled on impact, whether or not it caught fire.

c) some but not all on board died as a result of the impact

d) there was an inFlight Fire but the aircraft landed (or crash landed) with at
least some on board still alive.

This is essentially a list of impact survivable accidents (i.e. accidents where at
least one person has survived the impact or is still alive after the aircraft has
stopped) but excluding the more trivial non Fatal accidents where no Fuel wos spilled
and there was no fire.

The vast majority of accidents are relatively easy to assess for inclusion but
inevitably some have been wrongly included or excluded, we would appreciate comments,
with appropriate evidence, to help us to improve our data base.

The First three sub-lists are of Fatal accidents where the cause of death is either
known with a reasonable degree of certainty or has been estimated From reliable
information. These are accidents with deaths believed to be:-

a) only by impact trauma

bi some by impact and some by the effects of fire

c) only by fire.

Such differences as there are between different sources are principally in list b),
however these differences are mainly small and would not significantly alter the
overall picture. Nevertheless Firm evidence of errors in the figures presented would
be appreciated.

List d) contains the Fatal but survivable accidents where cause of death has not yet
been learned. Evidence will exist somewhere For perhaps the majority of these so we
would very much appreciate -3ny relevant information.

The last list is of non Fatal accidents, since the number of these included is all
important to any study, comments concerning these are equally welcome.

LIST a) Deaths by impact

DATE ACTYPE PFAT PTOT
30/12/70 Caravelle 1 / 38

31/10/54 Viscount 3 / 8 06/09/71 B1-11 22 / 121
24/12/58 Brittania 9 / 12 03/03/72 FH227 15 / 48
14/08/59 Viscount 2 / 3 14/06/72 DC8 86 / 89
27/08/59 Comet 4 2 / 50 29/12/72 LIOll 99 / 176
26/09/60 Viscount 31 / 37 22/07/73 8707 78 / 79
03/06/62 8707 130 / 132 23/07/73 PH227 39 / 45
20/08/62 D8 15 / 105 07/09/74 P27 28 / 36
12/12/65 Learjet 1 / 9 30/08/75 F27 10 / 32
04/07/66 DC8 2 / 5 27/09/75 CL44 6 / 10
28/02/67 F27 12 / 19 05/04/76 B727 1 / 50
19/04/67 Brittania 126 / 130 12/12/76 DC-6 4 / 10
05/09/67 IL-18 37 / 69 21/11/77 81-11 46 / 79
03/11/67 Herald 21 / 25 26/06/78 D09 2 / 107
06/11/67 8707 1 / 36 04/12/78 Learjet 5 / 7
20/11/67 CV880 70 / 82 04/12/78 DHC-6 2 / 22
07/02/68 8707 1 / 57 16/12/78 P27 1 / 2
20/04/68 8707 123 / 128 28/12/78 D8 10 / 189
01/07/68 Jet Commander 1 / 8 28/01/79 P37 5 / 6
10/08/68 F1H227 35 / 37 12/02/79 Nerd 262 2 / 25
25/10/68 FH227 32 / 42 30/05/79 DHC-6 17 / 18
24/12/68 Hercules 2 / 4 17/06/79 DC-6 1 / 10
24/12/68 CV580 20 / 47 23/12/79 F28 39 / 43
27/12/68 CV580 27 / 45 12/06/80 Svearitgen 13 / 15
06/01/69 CV580 11 / 28 15/09/81 B747 1 / 378
20/03/69 Viscount 3 / 4 31/10/81 DHC-6 1 / 22
12/09/69 81-11 45 / 47 22/06/82 8707 17 / 111
21/09/69 8727 27 / 118 12/08/85 B747 520 / 524
05/01/70 CV880 5 / IU 13/03/86 1H 110 3 / 9
05/01/70 CV880 5 / 10 08/05/87 CASA 212 2 / 6
25/01/70 F27 1 / 23 16/08/87 D9 154 / 155
09/05/70 P27 1 / 33 15/11/87 DC9 28 / 82
20/07/70 HS125 1 / 2 1/18 0 8/826/09/70 P2 8 / 3 23/11/87 Beech 1900 18 / 21
26/09/70 27 8 /34 08/01/89 8737 46 / 126

.....................................
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LIST b) Deaths by Impact and fire LIST c) Deaths by fire

DATE ACTYPE PPAT PTOT PIMP PFIRE DATE ACTYPE PPAT PTOT

09/08/58 Viscount 36 / 54 ( 28 8 ) 17/02/59 Viscount 14 / 24
12/06/61 L188 20 / 36 ( 5 15 ) 19/01/61 DC8 4 / 106
11/07/61 DC8 17 / 122 ( 1 16 ) 08/12/63 B707 81 / 81
23/09/61 F27 28 / 29 ( 15 13 ) 23/11/64 B707 50 / 73
21/12/61 Comet 4 27 / 34 ( 6 21 ) 11/11/65 8727 43 / 91
22/07/62 Brittania 27 / 40 ( 13 14 ) 15/02/66 Caravelle 2 / 80
20/05/65 B707 121 / 127 ( 13 108 ) 05/06/66 HS125 2 / 2
08/11/65 8727 58 / 62 ( 44 14 ) 26/08/66 CV880 5 / 5
04/03/66 DC8 64 / 72 ( 35 29 ) 22/09/66 Viscount 24 / 24
22/04/66 L188 83 / 98 ( 71 12 ) 16/02/67 L188 22 / 92
31/08/66 Brittania 98 / 117 ( 73 25 ) 27/04/67 F27 19 / 19
05/03/67 DC8 51 / 90 ( 23 28 ) 11/07/67 Gulfstream 2 / 2
05/01/69 8727 48 / 62 ( 7 41 ) 16/02/68 8727 21 / 63
26/08/69 HS748 3 / 4 ( 2 1 ) 08/04/68 B707 5 / 127
17/09/69 CV580 4 / 15 ( 2 2 ) 13/06/68 B707 6 / 63
20/11/69 VC1O 87 / 87 ( 12 75 ) 24/06/69 CV880 3 / 5
10/10/70 Hercules 3 / 3 ( 2 1 ) 05/07/70 DC8 109 / 109
07/06/71 CV580 28 / 31 ( 1 27 ) 27/11/70 DC8 47 / 229
18/04/72 VC1O 43 / 107 ( 1 42 ) 28/12/70 B727 2 / 55
30/05/72 DC9 4 / 4 ( 3 1 ) 31/12/70 F27 7 / 36
29/06/72 HFB 320 7 / 8 ( 4 3 ) 23/05/71 TU-134 78 / 83
28/11/72 DC8 62 / 76 ( 8 54 ) 24/12/71 L188 91 / 92
08/12/72 8737 43 / 61 ( 16 27 ) 22/01/73 8707 176 / 202
20/12/72 DC9 10 / 45 ( 1 9 ) 26/02/73 Learjet 7 / 7
23/12/72 F28 39 / 45 ( 19 20 ) 02/11/73 Herald 6 / 16
19/02/73 TU-154 66 / 100 ( 15 51 ) 01/01/74 F28 38 / 42
10/04/73 Vanguard 108 / 145 ( 103 5 ) 15/03/74 Caravelle 15 / 96
31/07/13 DC9 88 / 89 ( 44 44 ) 25/03/76 Jetstar 4 / 4
26/01/74 F28 66 / 73 ( 16 50 ) 01/03/78 DCIO 2 / 197
30/01/74 B707 97 / 101 ( 1 96 ) 17/12/78 8737 1 / 132
11/09/74 DC9 71 / 82 ( 34 37 ) 02/08/79 Citation I / 3
30/10/74 L188 32 / 34 ( 19 13 ) 07/10/79 DC8 14 / 154
20/11/74 8747 59 / 157 ( 48 11 ) 27/02/80 8707 2 / 135
24/06/75 8727 113 / 124 ( 100 13 ) 19/08/80 L1011 301 / 301
27/04/76 8727 37 / 88 ( 2 35 ) 19/11/80 8747 15 / 226
04/06/76 £188 45 / 45 ( 17 28 ) 13/09/82 DC10 50 / 393
27/03/77 8747 327 / 396 ( 135 192 ) 02/06/83 DC9 23 / 46
27/03/77 8747 248 / 248 ( 52 196 ) 22/08/85 8737 55 / 135
04/04/77 DC9 62 / 85 ( 37 25 ) 04/03/87 CASA 212 9 / 19
27/09/77 DC8 34 / 78 ( 17 17 ) 26/06/88 A320 3 / 136
11/02/78 1737 42 / 49 ( 19 23 ) 31/08/88 8727 13 / 105
13/03/79 8727 44 / 64 ( 14 30 ) 15/09/88 8737 34 / 104
29/03/79 F27 17 / 24 ( 14 3 )
31/10/79 DCIO 72 / 89 ( 67: 5)
16/02/80 Brittania 7 / 8 ( 4 3
21/01/85 L188 70 / 71 ( 35 35
02/08/85 L1011 134 / 163 ( 114 20

....

J~
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LIST d) Cause of death unknovn

DATE ACTYPE PFAT PTOT
-------------------------------------

13/08/66 DC8 6 / 6 29/04/83 Caravelle 8 / 102
02/08/68 DC8 13 / 95 02/06/83 F28 3 / 61
01/04/70 Caravelle 61 / 82 14/09/83 Trident 11 / 106
12/08/70 YS-11 14 / 31 07/10/83 EHB 110 7 / 15
05/12/71 Nord 262 2 / 3 08/10/83 DHC-6 9 / 14
21/01/72 DC9 1 / 5 23/11/83 DHC-6 4 / 7
31/05/73 B737 48 / 65 27/11/83 B747 lel / 192
24/09/75 F28 25 / 61 28/11/83 F28 53 / 72
20/01/76 HS748 34 / 42 07/12/83 B727 51 / 93
04/11/76 F27 29 / 38 17/12/83 DHC-6 2 / 10
22/11/76 Hercules 5 / 6 24/01/84 CASA 212 6 / 9
04/03/77 DC8 2 / 4 21/07/84 DHC-6 1 / 14
29/03/77 DHC-6 15 / 23 30/08/84 B737 2 / 118
03/04/77 Falcon 4 / 5 24/12/84 Learjet 1 / 3
18/10/77 HS748 2 / 5 20/04/85 F27 2 / 5
19/11/77 B727 124 / 163 27/05/85 CV580 2 / 13
17/10/78 Learjet 1 / 2 12/08/85 DHC-6 2 / 19
15/11/78 DC8 183 / 262 22/09/85 Leariet 1 / 6
23/12/78 DC9 108 / 129 20/03/86 CASA 212 2 / 16
24/01/79 Nord 262 14 / 23 10/06/86 F27 23 / 26
06/07/79 Learjet 2 / 3 12/06/86 DHC-6 1 / 16
23/07/79 B707 6 / 6 23/10/86 F27 13 / 54
30/09/79 DHC-6 2 / 16 03/01/87 B707 50 / 51
19/10/79 Herlin 2 / 3 04/04/87 DC9 23 / 45
19/11/79 Citation 2 / 3 13/04/87 Beech 200 3 / 5
03/03/80 Leariet 3 / 4 19/05/87 DHC-6 14 / 16
12/04/80 B727 55 / 58 31/05/87 Citation 2 / 4
27/04/80 HS748 44 / 53 31/07/87 Learjet 2 / 3
01/08/80 DC8 3 / 7 04/08/87 B737 1 / 33
19/12/80 Jet Commander 3 / 4 11/10/87 DHC-6 2 / 9
27/02/81 DHC-6 2 / 3 05/12/87 H5125 2 / 4
31/05/81 Falcon 3 / 6 18/01/88 IIS125-600 1 / 8
27/07/81 DC9 32 / 66 19/01/88 HetrolII 8 / 17
02/09/81 EHB 110 21 / 22 06/07/88 CL44 3 / 8
21/02/82 DHC-6 1 / 12 26/07/88 Learjet 1 / 2
20/03/82 F28 27 / 27 16/09/88 B737 31 / 114
24/05/82 B737 2 / 118 17/10/88 B707 32 / 52
11107/82 HS748 1 / 30 18/10/88 HS125 1 / 8
29/09/82 IL-62 7 / 77 19/10/88 B737 130 / 135
16/01/83 B727 47 / 67 25/10/88 P28 12 / 69
11/03/83 DC9 23 / 50 03/02/89 F27 26 / 29
16/04/83 HS748 8 / 9 10/03/89 F28 24 / 69

..............................

....... ,
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LIST e) on-fatal accidents

DATE ACTYPE PTOT

16/01155 Viscount 30 09/01/68 8707 4920/01/56 Viscount 5 25/01/68 VClo 12017/04/58 B707 4 21/03/68 B727 328/04/58 Viscount 5 11/04/68 Hercules 410/11/58 Viscount 2 28/04/68 DC8 409/04/59 Comet 4 73 04/05/68 Viscount 8303/10/59 Viscount 38 16/05/68 Hercules 647/01/60 Viscount 59 07/08/68 B727 8320/02/60 Comet 4 6 06/09/68 B707 5509/05/60 B707 109 19/11/68 8707 3814/09/60 L188 76 27/12/68 DC9 6829/10/60 B707 91 12/04/69 B1-1i 9015106/61 B707 103 01/05/69 CLA4 427/07/61 B707 41 01/07/69 8727 4629/07/61 8707 52 09/07/69 Caravelle 7516/09/61 DC8 133 07/10/69 TU-134 5305/11/61 8707 42 16/10/69 DC8 525/11/61 Viscount 45 15/11/69 DC8 425/04/62 Caravelle 72 27/11/69 HS748 2827/04/62 Viscount 27 03/12/69 8747 1127/04/62 B707 53 04/12/69 HS748 908/07/62 Viscount 16 09/02/70 Comet 4 2306/08/62 L188 72 11/02/70 8707 701/01/63 CV880 64 18/04/70 OCS 6503/07/63 Caravelle 70 25/04/70 Saberliner 302/08/63 Comet 4 96 15/05/70 Hercules 309/09/63 Viscount 34 22/05/70 Jet Commander 206/11/63 DC8 97 08/06/70 Saberliner 222/03/64 Comet 4 68 09/06/70 B707 16607/04/64 8707 145 22/06/70 B707 6804/06/64 Learjet 2 19/07/70 8737 6113/06/64 Viscount 44 18/08/70 TU-124 2025/06/64 F27 31 24/08/70 L188 301/07/64 B707 12 15/09/70 DC8 15626/08/64 8707 138 18/09/70 B747 13211/12/64 HS125 2 18/09/70 8747 13227/02/65 CV880 6 09/11/70 DHC-6 617/03/65 B727 97 30/11/70 8707 317/03/65 F27 23 16/12/70 B727 9126/03/65 B707 170 23/12/70 CV580 3327/03/65 L188 6 13/01/71 Gulfstream 616/04/65 F27 2 23/01/71 8707 516/05/65 B707 93 18/03/71 Hercules 428/06/65 B707 153 05/07/71 Falcon 204/07/65 Argosy 2 21107/71 8707 11311/07/65 HS748 52 30/07171 B747 21813/09/65 CV880 4 23/11/71 P27 214/10/65 Argosy 3 28/01/72 Viscount 213102166 8707 127 16/02/72 CV580 302103/66 DC8 79 18/02/72 8747 27121/03/66 CL44 6 28/02/72 Falcon 230/06/66 Trident 84 19/03/72 L188 325/07/66 Learjet 6 18/05/72 DC9 1030/10/66 Comet 4 41 13/08/72 8707 18602/12/66 8727 3 13/08/72 Saberliner 705/01/67 8707 3 01/09/72 8747 33519/01/67 Viscount 50 20/09/72 Viscount 4523/01/67 CV580 28 24/09/72 DC8 12225/01/67 HS125 2 26/09/72 L188 2531/03/67 B707 5 12/12/72 1707 325/04/67 CV580 57 12/12/72 HS125 727/04/67 Jetstar 2 20/01/73 B707 7203/05/67 Viscount 3 05/03/73 B707 301/06/67 Hercules 5 24/04/73 DC8 323/06/67 Comet 4 83 01/05/73 HS748 2026/06/67 Viscount 33 16/06/73 B707 8609/07/67 IL-18 102 21/06/73 DC8 26109/09/67 8707 174 23/06/73 DC8 12821/11/67 8707 52 08/08/73 B727 8104/12/67 Argosy 3 28/10/73 B737 9608/2/67 Viscount 18 27/11/73 DC9 7711/12/67 Viscount 18 04/12/73 81-21 74

t



2-18

LIST e) (concluded)

17/12/73 DC1O 167 04/11/80 8737 13417/12/73 DC9 89 21/11/80 B727 7320/12/73 8707 109 20/12/80 B707 423/12/73 Caravelle 48 29/12/80 DC8 238
16/01/74 B707 63 31/01/81 B727 12108/02/74 DC8 162 17/02/81 B737 IIIO6/03/74 P27 27 29/03/81 Jetstar 919/05/74 Argosy 5 05/06/81 F27 328/05/74 F27 40 16/06/81 8S748 28
23/11/74 DC9 

50 
10/12/81 8S125 

10
11/12/74 L188 3 29/12/81 HS748 1822/12/74 CL44 5 17/03/82 A300 12801/05/75 L188 3 16/05/82 DHC-6 8
12/06/75 B747 394 24/05/82 888 110 414/06/75 Saberliner 6 26/08/82 B737 13825/07/75 8707 5 17/09/82 DC8 12415/09/75 Trident 117 17/10/82 8707 18227/09/75 Falcon 3 12/11/82 Metro 1508/11/75 8747 315 06/12/82 Ledrjet 412/11/75 DClO 139 06/02/83 Citation 3

20 H/7 S125 8 07/02/83 Caravelle 8928/12/75 DC9 34 15/02/83 DHC-6 818/02/76 8727 120 11/03/83 ys-1 53
23/02/76 Hercules 6 27/03/83 8737 11012/03/76 L188 3 20/04/83 DHC-6 12
18/03/76 DC8 29 29/06/83 RS125 222/04/76 B707 4 02/07/83 Caravelle 8907/06/76 DC1O 139 16/07/83 Gulfstream 2
12/11/76 Saberliner 3 18/12/83 A300 24716/11/76 DC9 86 23/12/83 DCIO 316/12/76 CV880 2 09/02/84 8737 14227/12/76 8727 141 22/02/84 Merlin 204/01/77 BI-1 42 10/03/84 DC8 2324/01/77 DC8 5 221/03/84 8737 11902/03/77 8707 60 11/06/84 DC9 5
17/03/77 8707 5 20/07/84 Saberliner 626/05/77 Learjet 2 04/09/84 DHC-5 303/06/77 8727 92 30/12/84 DC9 7530/09/77 Brittania 6 31/01/85 Metro 303/10/77 D08 259 04/02/85 DC9 5026/10/77 0610 244 07/02/85 Challenger 1201/12/77 DC-6 16 03/05/85 Merlin 2
15/02/78 8707 196 17/07/85 CV880 19
16/02/78 8707 196 04/08/85 E8B 110 1603/03/78 DC8 222 12/08/85 Beech 200 230/03/78 Learjet 5 30/11/85 L188 4502/04/78 8737 44 02/12/85 B747 27304/04/78 8737 

28/01/86 8737 7204/04/78 CV880 148 31/01/86 Shorts 360 3625/07/78 CV580 43 21/02/86 DC9 2303/08/78 8707 63 10/03/86 F27 4524/08/78 8737 105 08/06/86 Hercules 524/10/78 LearJet 2 22/06/86 DEC-6 2005/11/78 Learjet 10 06/08/86 Learjet 328/12/78 8747 309 29/09/86 A300 19505/01/79 L188 15 02/01/87 P28 7009/02/79 DC9 5 06/01/87 Caravelle 27
12/03/79 CQ-avelle 41 10/01/87 0C10 926/04/79 8737 67 18/01/87 P27 314/06/79 Concorde 90 13/06/87 DHC-6 930/06/79 TU-154 70 23/06/87 Beech 200 115/07/79 HS748 2 24/06/87 Beech 200 220/07/79 Caravelle 57 24/09/87 Merlin 326/08/79 P28 10 28/10/87 CV580 218/11/79 F27 2 27/12/87 DC9 10002/12/79 Learjet 6 15/01/88 Falcon 227/12/79 8747 3 29/01/88 Vanguard 423/01/80 F27 18 29/01/88 Vanguard 426/03/80 Learjet 3 02/02/88 Beech 200 3
29/03/80 Jetstar 9 25/03/88 Jetstream 202/05/80 DC9 6 15/04/88 DHC-8 40
13/05/80 Svearingen 11 23/05/88 8727 28
09/06/80 Caraelle 4 24/05/88 EMB 110 817/07/80 Viscount 62 16/06/88 Viscount 48
23/07/80 Jetstar 3 17/06/88 DHC-6 16
28/07/80 

DHC-6 

5 

17/06/88 
ATR 42

16/09/80 DClO 237 10/07/88 F27 43
13/10/80 8707 10 26/09/88 8737 62

.....................................
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DISCUSSION

P. BAAK
Had the Hanchester B737 seats fire blocking layers?

AUTHOR'S REPLY:
No, they are the old polyurethane cushions. Some are pro-

bably protected by collapsed passengers but others are not.
It just shows that a total burn out is not inevitable.

II
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AIRCRAFT FIRE SAFETY
LEARNING FROM PAST ACCIDENTS

W. T. Tucker

Director, Safety Programs
Canadian Aviation Safety Board

P. 0. Box 9120, Alta vista Terminal
Ottawa, Ontario, Canada KIG 3T8

The real value of aviation occurrence investigations lies in the lessons we can
learn from them to eliminate future accidents or reduce their severity. This
paper reviews past accidents with emphasis on the Canadian experience (e.g.
Pacific Western Airlines B737 at Calgary internat:onal Airport in March 1984).
The paper differentiates between the determination of contributing factors
and causes and the identification of safety deficiencies as practiced by the
Canadian Aviation Safety Board. It also includes areas of current concern and
topics requiring further research with a view to further improving aircraft
fire safety.

"Why do we investigate aircraft accidents and incidents?" One common answer to the
question is: "To determine the cause(s) and prevent recurrence". I contend that such
an answer is incorrect - or, at least, inappropriate. First, from purely a safety
perspective, the determination of causes has little direct value. The value of inves-
tigation lies in the zdentification of safety deficiencies which then can be reduced or
eliminated. Secondly. preventing a recurrence of a given accident is not a worthwhile
objective because it is highly improbable that the exact sequence of events which led to
that specific accident will ever be repeated. Finally, since (by definition) aviation
incidents do not involve extensive damage or serious injuries, preventing incidents
achieves relatively small economic benefits. Returning to the question: "Why do we
investigate accidents and incidents?", a much better response is "To advance aviation
safety by identifying safety deficiencies and determining ways to eliminate or reduce
those deficiencies." This latter response comes from the legislation which established
the Canadian Aviation Safety Board (CASB).

The difference between these two viewpoints is not just a matter of semantics. It is
easy to become pre-occupied with cause-determination and to lose sight of the true
objective of advancing safety. Sometimes, Lhe most valuable lessons from an aviation
occurrence have little or nothing to do with the cause factors. To illustrate this point
with a hypothetical example, let's assume that an aircraft went out of control and
crashed on approach to an airport. The investigation determines the cause to be pilot
incapacitation from a heart attack. However, when analyzing the wreckage, the investi-
gators also find a serious fatigue crack in the main wing-spar. Inspections of other
aircraft reveal similar cracks. Obviously, the principal safety benefit lies in the
actions which can be taken to detect and correct such cracks and so prevent other
accidents caused by structural failure.

The focus on reducing or eliminating safety deficiencies is particularly relevant for
this symposium. Aircraft fires are, fortunately, very rare events; and they are even
more rare as the cause of an accident. However, when they do occur, they can turn a
relatively minor accident into a catastrophe. Furthermore, for the occupant inside a
burning aircraft, it is absolutely irrelevant whether the fire was the cause of the
accident or a result. If we can take action to reduce the probability of a fire, to
reduce its severity, or to increase the probability of successful evacuation, we are
advancing aviation safety.

As mentioned above, aircraft fires are rare events. In fact, for the period from 1980
through 1988, and excluding one case involving torching in the APU, the CASB database
contains only two such accidents involving Canadian-registered passenger aircraft of
over 12,000 kilograms (i.e. larger than a DC-3). The first of these involved an Air
Canada DC-9 at Greater Cincinnati International Airport on 2 June 1983. The second was
a Pacific Western Airlines Boeing 737 at Calgary International Airport on 22 March 1984.

Apart from the fact that both aircraft were totally destroyed by fire, these two accidents
have very little in common. However, both yielded significant safety messages.

As the Air Canada accident occurred in the United States, the investigation was conducted
by the U.S. National Transportation Safety Board (NTSB). The synopsis from the NTSB's
final report is as follows:

"On June 2, 1983, Air Canada Flight 797, a McDonnell Douglas DC-9-32, of Canadian
Registry C-FTLU, was a regularly scheduled international passenger flight from
Dallas, Texas, to Montreal, Quebec, Canada, with an en route stop at Toronto,
Ontario, Canada. The flight left Dallas with 5 crew members and 41 passengers on
board.

"About 1903, eastern daylight time, while en route at flight level 330 (about 33,000
feet m.s.l.), the cabin crew discovered smoke in the left aft lavatory. After
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attempting to extinguish the hidden fire and then contacting air traffic control
(ATC) and declaring an emergency, the crew made an emergency descent and ATC vectored
Flight 797 to the Greater Cincinnati International Airport, Covington, Kentucky.

"At 1920:09, eastern daylight time, Flight 797 landed on runway 271, at the Greater
Cincinnati International Airport. As the pilot stopped the airplane, the airport
fire department, which had been alerted by the tower to the fire on board the
incoming plane, was in place and began firefighting operations. Also, as soon as
the airplane stopped, the flight attendants and passengers opened the left and
right forward doors, the left forward over-wing exit, and the right forward and aft
over-wing exits. About 60 to 90 seconds after the exits were opened, a flash fire
engulfed the airplane interior. while 18 passengers and 3 flight attendants exited
through the forward doors and slides and the three open over-wing exits to evacuate
the airplane, the captain and first officer exited through their respective cockpit
sliding windows. However, 23 passengers were not able to get out of the plane and
died in the fire. The airplane was destroyed.

"The National Transportation Safety Board determined that the probable causes of the
accident were a fire of undetermined origin, an underestimate of fire severity, and
misleading fire progress information provided to the captain.

"The time taken to evaluate the nature of the fire and to decide to initiate an
emergency descent contributed to the severity of the accident."

This was not typical of an aircraft fire occurrence - particularly in that an in-flight
fire was the lead event in the accident sequence. For those on board, the elapsed time
of only 17 minutes from the discovery of what was initially thought to be a minor fire
in a lavatory until the emergency landing at Cincinnati must have seemed like an eternity.
During that time, the conditions inside the aircraft became increasingly unbearable.
Though the NTSB determined that the crew's response time contributed to the accident
severity, their report also had the words of praise: "Considering the conditions which
confronted the captain during the descent and landing, the Safety Board concludes that
the captain exhibited outstanding airmanship without which the airplane and everyone on
board would certainly have perished." Unfortunately, fully half of the 46 did perish
and, had it not been for the Crash Fire Rescue service, more lives would have been lost.
A flash fire engulfed the cabin within 60 to 90 seconds after the exits were opened, and
the aircraft was quickly destroyed.

It is noteworthy that, at no time, from the initial awareness of smoke coming from the
lavatory until the flash fire just as the last survivor had exited, did anyone see the
actual fire. The NTSB could not identify the precise origin of the fire, but it was
able to determine that it had burned undetected for almost 15 minutes before smoke was
noticed and for almost 20 minutes thereafter.

In its report on the accident, the NTSB reiterated a number of earlier Safety Recommen-
dations relating particularly to fire prevention, detection, and suppression. It also
issued six new Recommendations to the FAA as a direct result of this accident. Parallel
action was taken in Canada. Indeed, the first three Aviation Safety Recommendations
of the CASB (which became fully operational on 1 October 1984) were similar to NTSB
Recommendations A-84-76 through A-84-78. Specifically, the CASB recommended to the
Minister of Transport:

- that the training programs for Canadian Air Carriers be reviewed and amended where
necessary to emphasize requirements:
a) for flight crews to take immediate and aggressive action to determine the source

and severity of any reported fire and, if the source ond severity of the fire
are not positively and quickly determined or if immediate extinction is not
assured, for the aircraft captain to begin emergency action so as to effect a
landing at the earliest appropriate time;

b) for flight attendants to recognize the urgency of informing flight crews of the
location, source, and severity of any fire or smoke within the cabin;

c) for both flight crews and flight attendants to be knowledgeable of the proper
methods of aggressively attacking a cabin fire including hands-on-training in
the donning of protective breathing equipment, the removal or penetration of
interior panels without risk to essential aircraft components, and the discharge
of an appropriate hand fire extinguisher on an actual fire. (CASB 84-01)

- that accessibility to potential cabin fire sources be improved, e.g. through
installation of additional inspection panels or through identification by an
acceptable and standardized means of those interior cabin panels of transport
category airplanes, including panels of lavatories and the galleys, which can be
safely removed or penetrated. (CASB 84-02)

- that the appropriate manuals be amended to include comprehensive discussions and
illustrations showing the proper use of a fire axe and the location in each model
of aircraft where an interior can be removed or penetrated safely to gain access
to a fire or smoke emission source. (CASB 84-07)

Both organizations were generally satisfied with the responses received from the regulatory
authorities in their respective countries. In addition, safety improvements are continuing
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to be made as a result of this and other accidents involving cabin fires. For example,
on January 12, 1989, the FAA issued an NPRM (Notice of Proposed Rule-Making) related to
external signaling from lavatory smoke detectors, hand-held extin'uishers in the cabin,
and automatic extinguishers in lavatory waste-bins. (It should be noted that the latter
had already been installed by Air Canada at the time of the accident.)

As indicated above, the circumstances of the March 1984 Pacific Western B-737 accident
were quite different. The accident occurred during the attempted take-off, the fire
was external to the aircraft fuselage and was quite visible, and, most significantly, all
the occupants managed to escape.

The investigation was started by the former Aviation Safety Bureau of Transport Canada
and then taken over by the Canadian Aviation Safety Board upon its establishment over
the following six months. The synopsis from the CASB's final report is as follows:

"During the take-off roll, the flight crew heard a loud bang which was accompanied
by a slight veer to the left. The take-off was rejected, and all 119 persons
successfully evacuated the aircraft when a severe fuel-fed fire developed.

"The Canadian Aviation Safety Board (CASB) determined that an uncontained failure of
the left engine thirteenth stage compressor disc had occurred. Debris from the
engine punctured a fuel cell, resulting in the fire. The disc failure was the
result of fatigue cracking."

The total elapsed time from the compressor disc failure until the last person had exited
the aircraft was between four and five minutes. The "History of the Flight" section of
the CASB report describes what happened during those four or five minutes:

"Pacific Western Airlines (PWA) Flight 501, a Boeing 737-200 C-GQPW, was to depart
Calgary, Alberta at 0730 mountain standard time (MST) on 22 March 1984, on a scheduled
flight to Edmonton, Alberta. On board were 114 passengers and a crew of 5.

"Take-off was begun at 0742 from the intersection of runway 34 and taxiway C-I.
About 20 seconds into the take-off roll, at an airspeed of approximately 70 knots,
the flight crew heard a loud bang which was accompanied by a slight veer to the
left. The captain immediately re3ected the take-off using brakes and reverse
thrust. Both the captain and first officer assumed the noise and slight veer were
the result of a blown tire on the left main landing gear.

"The aircraft was quickly brought to taxiing speed. As the speed reduced, the
captain decided to taxi clear of the runway at taxiway C-4. Approaching taxiway
C-4, both pilots noted that the left engine low pressure unit rpm was indicating
0 per cent. The illumination of annunciator panel lights associated with the loss
of electrical power produced by the left engine was also noted. While both pilots
were analyzing this new information, the captain continued to taxi and cleared the
runway at C-4.

"Twenty-three seconds after the initiation of the re3ected take-off, the first
officer called clear of the runway on tower frequency. The captain then continued
to taxi slowly up C-4 while both pilots continued to question the source of their
problem. Forty-five seconds after the initiation of the rejec-ed take-off, the
cockpit door was unlocked in response to the knocks of the pu:er. Upon entering
the cockpit, she asked if they had blown a tire. She then stated that there was
some fire at the rear of the aircraft. A verbal exchange lasting five seconds
ensued in which the captain queried the existence of fire, and the purser elaborated
that the fire was "on the back of the wing", "fire on the left wing". During this
exchange, there was a brief sounding of the fire bell, and the flight attendant
cockpit call chime began to sound repeatedly.

"At the end of this verbal exchange between the purser and captain, the first officer
requested confirmation of the fire from the tower. One minute and two seconds after
the initiation of the rejected take-off, the tower controller stated that there was
"considerable amount off the back - on the left side engine, and it's starting to
diminish there. There's a fire going on the left side." Immediately after this
the purser further stated that "the whole left-hand side, tne whole back side of
it is burning", following which, at an elapsed time of 1 minute 11 seconds, the
captain advised the purser to prepare for evacuation. About this time, the captain
also discharged a fire bottle into the left engine, and the first officer requested
tower to dispatch the emergency equipment. He also advised the tower that they
had no fire warning. The tower controllers then advised that it would probably be
best for the crew to stop the aircraft in its present location. At an elapsed time
of 1 minute 33 seconds, the tower controller further advised that flames were coming
out the left-hand side of the aircraft.

"Immediately following this transmission, at an elapsed time of 1 minute 36 seconds,
the cockpit fire warning bell activated and continued to ring. Simultaneously,
the purser re-entered the cockpit and reported that it was getting bad at the back.
At an elapsed time of 1 minute 40 seconds, the first officer reported to the tower
controller that they now had a fire warning. At the same time, the captain activated
the second fire bottle and again directed the purser to prepare for an emergency
evacuation. He then stopped the aircraft and, along with the first officer, carried
out the procedures for an emergency evacuation.
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"At an elapsed time of 1 minute 55 seconds, the flight attendants initiated an
emergency evacuation of the passengers, following which the flight attendants and
flight crew evacuated the aircraft. Fire consumed substantial portions of the
aircraft before being extinguished by airport Crash Firefighting and Rescue (CFR)
services."

The investigation quickly identified that the lead event in the accident sequence was an
uncontained failure of the left engine thirteenth stage compressor disc. The left engine
was extensively fire damaged. The engine case and nacelle were perforated at the one o'clock
position when viewed from the rear. This perforation was opposite the thirteenth stage
of the high pressure compressor and had been made from inside out. A second perforation
was found on the lower surface of the left wing, just inbound and in line with the hole
in the engine nacelle. The wing skin had been penetrated and the fuel cell broken.
When the high pressure compressor was disassembled, en area measuring about three inches
by seventeen inches was missing from the thirteenth stage disc. Two large pieces of the
disc, which matched the missing area, were found on the runway about 1300 feet from the
starting point of the take-off roll.

A much more difficult task in this investigation was the determination of why the disc
had failed. The details are not particularly relevant for the purposes of this symposium.
However, it is important to recognize that any uncontained failure in a wing-mounted
engine also involves the risk of a serious fire.

The CASB report describes the extent of damage to the aircraft before the fire was
finally extinguished.

"The main section of the aircraft, composed of its wings and fuselage forward of
the wings, was resting on the nose landing gear, right landing gear, and the left
engine. Some of the support structure of the left landing gear had melted away,
allowing the left side of the aircraft to settle until the left engine rested on
the taxiway. The tail section of the aircraft had burned through at the crown,
and the aft fuselage had descended until the tail rested on the ground. It was
still attached to the main structure at the bottom.

"The left side of the fuselage sustained smoke and heat damage extending from
fuselage station 450 to station 1064. The fuselage had fractured at station 747
and a large section above the window line between stations 747 and 890 wa burned
away. The right side of the fuselage sustained smoke and heat damage of a lesser
nature between stations 480 and 1010.

"The nose area of the aircraft was undamaged, as was the empennage.

"The left front emergency slide was deployed but had deflated because of fire damage.
The right front emergency slide was deployed and remained inflated. The right rear
emergency slide was deployed and was destroyed by fire. The right over-wing
emergency exit window had been removed and was lying on the right wing.

"The right wing sustained heat and fire damage of a minor nature, except for portions
of the leading edge devices, spoilers, flaps, and wing undersurface which sustained
severe damage. The left wing was extensively damaged from the fuselage out to the
wing tip. The leading edge devices and leading edge were almost burned away. All
but the leading edge of the aileron was burned away as well. The trailing edge
inboard flap and spoilers were burned away and there were numerous protruding
surface splits in the upper surface of the wing."

The investigators found pieces of the aircraft structure and left engine on the runway
and taxiway. There was also a trail of raw and burnt fuel residues and globules of
melted aluminum which continued to the final resting position of the aircraft. In some
places, large sheets of fire-damaged aluminum skin and honeycomb material had fallen
from the left wing.

Inside the aircraft, heat and smoke damage was evident on the left side windows aft of
seat row three. From seat row eight to the break in the fuselage, flame damage had
occurred to the interior of the passenger cabin. Windows had melted or burned away, and
the fuselage liners and seat upholstery were heavily damaged by fire entering through
the window openings. From the break in the fuselage aft to the rear pressure bulkhead,
the aircraft interior had been completely gutted by fire.

The fire broke out coincidently with the explosion-type sound which had been heard by
people both inside and outside the aircraft. As the aircraft decelerated and proceeded
down the runway onto the taxiway, it was trailing flame from the left wing.

The airport CFR crews were immediately notified of the fire by the control tower.
Vehicles from the north fire hall reached the aircraft about two minutes after notifica-
tion, and vehicles from the south fire hall arrived about two minutes later. The CFR
crews were able to impede the fire near the exits and so, almost certainly, were a major
factor in this being a non-fatal accident. However, extinguishing the fire proved to be
very difficult:

"Fire was concentrated in the left wing area between the engine nacelle and fuselage.
Dry chemical and foam were expelled into the fire area to control the fire and
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provide a fire-free escape route for evacuation. The initial positioning of the
fire vehicles behind the aircraft and near the left wing tip prevented unrestricted
access to the fire, and, as a result, initial attempts to extinguish the fire were
not successful. Efforts to combat the fire were complicated by the nature of the
fire involved. Fires of this nature are known as "three-dimensional fires" and
consist of an elevated fuel source, a running (falling) fire, and a ground pooling
fire. Although the fire was substantially knocked down and evacuation routes kept
open, the engine nacelle and the wing blocked access from the foam cannons, located
on the top of the fire vehicles, to the source of the fire, which was under the
left wing, inboard of the engine.

"Fire control attempts were further impeded when one foam truck became mired in the
soft ground adjacent to the taxiway, while attempting to move to a more effective
position. As a result, time was lost, and the fire-extinguishing agent continued
to be applied in a less than ideal fashion. Both foam vehicles ran out of
extinguishing agent before the fire could be extinguished.

"Other vehicles continued to apply cooling water, while the foam trucks returned
to the fire halls to replenish their water and foam agent supplies. During their
absence, the fire significantly increased when the fuel cell vented through the
upper surface of the wing. The fire was eventually extinguished by the foam trucks
using hand lines when they returned following replenishment."

Those passengers who were seated on the left side of the aircraft near the wing were
almost immediately aware of the existence of fire. As the aircraft slowed, several
passengers left their seats, and, as more became aware of the fire, a general level of
agitation developed. The number two flight attendant seated in the rear of the aircraft
heard a passenger yell "fire" within ten seconds of the occurrence; the purser and number
three flight attendant both seated at the front of the aircraft, were aware of the fire
within twenty-five seconds of its occurrence.

As specified in their procedures for a rejected take-off, the three flight attendants
remained in their seats awaiting instruction from the captain. All assumed that,
because the aircraft continued to taxi, the captain was aware of the situation and that
it was under control. As the fire continued to increase in size, the flight attendants
made several attempts to contact the flight crew. The number two flight attendant,
seated in the rear of the aircraft, attempted to notify the flight deck of the fire by
using the aircraft interphone system. Althcugh the s~gnal tone was heard on the flight
deck, it went unanswered because the first officer mistook the tone for that associated
with the passenger flight attendant call button. The number two flight attendant
continued in his attempts to contact the flight deck and also began to call the front
cabin flight attendant station. The purser attempted to enter the flight deck bat was
unable to do so because the door was locked in accordance with standard company
procedures.

About forty-five seconds after the take-off was rejected, the purser entered the flight
deck and, after first asking if they had blown a tire, informed the pilots of the fire
at the back. She returned to the cabin after having been informed by the captain to
prepare for an evacuation. A few seconds later, at an elapsed time of about one minute,
the first officer sought and received concirmation of the fire from the tower (but was
also told that it was "starting to diminish"). As noted above, the pilots had several
additional communications with the tower and tne purser over the next 45 seconds while
the aircraft continued along taxiway C-4. At an elapsed time of 1 minute and 50 seconds,
the flight crew began the shutdown procedure and the aircraft was stopped. The evacudtion
was started at 1:55 and took an estimated two to three minutes.

The following excerpts from the "Survival Aspects" section of the CASB report describe
the conditions experienced by the occupants of the cabin:

"There was no general announcement of the evacuation made by either the captain or
the flight attendants. Evacuation commands were given to passengers as they exited
the aircraft. The passengers' decisions to leave their seats and evacuate were
based on their perceptions of the emergency situation and their observations of the
flight attendants opening the exits. Passengers were at the doors awaiting the
inflation of the escape slides.

"Four exits were used during the evacuation; these were as follows: main entrance
door (left front); galley service door (right front); right over-wing exit; and
right rear service door. The main entrance door was opened by the number three
flight attendant and the galley service door by the purser. The right over-wing
exit was opened by the passenger seated next to it at the urging of several
passengers seated nearby. The first few passengers out this exit reported that the
escape slide at the galley service door had not yet deployed when they exited the
aircraft. The right rear service door was opened by the number two flight
attendant.

"Shortly after the evacuation commenced, fire multed windows along the left side of
the aircraft. When the windows melted through, heat and smoke entered the aircraft,
and the cabin environment quickly deteriorated. Substantial quantities of smoke
also entered through the right over-wing exit and right rear service door.
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"Conditions within the aircraft cabin were significancly worse in the aft section.
Heat was felt as the windows melted through. Those passengers who had been seated
beside the windows nearest the fire experienced some singeing of hair and clothing.
Smoke obscured visibility almost totally during the latter stages of the evacuation.

"Passenger perceptions in the forward part of the cabin differed markedly from those
in the aft. It took much longer for them to be aware of the existence of fire, and.
even then, some did not perceive the seriousness of the situation.

"Most passengers chose the closest exit for evacuation. Many stopped to retrieve
handbaqgage before they left. Those passengers who exited through the main entrance
door and galley service door were seated primarily in rows one through seven. Most
initially chose to use the main entrance door until the number three flight
attendant began directing alternate passengers to the galley service door. The
passengers who exited through the right over-wing exit were almost all seated in
rows 8 through 16. With only a few exceptions, the rear exit was used by all
passengers seated aft of row 16.

"The evacuation was without panic; however, a sense of urgency prevailed. There was
some pushing, and several people went over seat backs to get to the exit ahead of
others already in the aisle. There was no noticeable yelling or screaming.

"As the evacuation progressed, smoke began to thicken and obscure vision. Smoke
conditions were worse in the aft section of the cabin. Passengers who exited via
the rear exit reported that they were unable to see the exit and were required to
follow the person ahead to locate it. By the time most had reached this exit,
the smoke had lowered to about knee height. The bottom portion of the door and the
slide were all that was visible. The passenger who was the last one to exit via
the over-wing exit reported he had to drop to his knees to breathe fresh air before
he was able to reach the exit. Only when he neared the exit, did it become visible
through the smoke.

"All passengers who exited via the over-wing exit jumped off the leading edge of
the wing. The vertical drop from the wing to the ground is in excess of six feet,
and this distance increases as one moves outward from the wing root. Smoke and
flames near the trailing edge influenced the passengers to go forward after they
had left the aircraft. Most jumped down from the wing inboard of the engine,
although several proceeded out the wing before dropping to the ground.

"The rear slide was observed to deflate, because of fire damage, immediately after
the number two flight attendant exited the aircraft.

"Four passengers sustained serious injuries during the evacuation. All four exited
the aircraft via the right over-wing exit. Three of these passengers sustained
bone fractures of varying severity when they jumped to the ground from the leading
edge of the wing. The fourth passenger, who was apparently the last person to exit
the aircraft, sustained pelvis and rib fractures when he fell to the ground, after
slipping on foam on the wing.

"Numerous other passengers sustained minor bruises, cuts, abrasions, and sprains
during the evacuation. Some singeing of hair and mild blushing of the skin from
heat were also reported Blood samples were taken from the 29 passengers who
reported to hospital. Carbon monoxide levels were minimal when measured, and there
were no reports of other toxic substances."

The report noted that the CFR cres were unable to extinguish the fire, because of the
location of the hole in the lower winq skin. The foam cannons used were mounted on the
top of the foam trucks, making it impossible to get low enough to hit the main source
of the fuel and knock down the flames at that point. The fire therefore continued until
the left wing fuel cells were almost completely empty.

The CASB made seven "Cause-related Findings", including the following:

- An uncontained rupture of the left engine thirteenth stage compressor disc
occurred approximately 1,300 feet into the take-off roll.

- Some stator repair procedures carried out at the last major overhaul were not in
accordance with the provisions of the Prati: & Whitney JT8D engine overhaul manual;
as a result, deficiencies in the thirteenth stage stator assembly occurred.

- Fuel leaking from the punctured fuel cell was ignited instantaneously.

- The fuel-fed fire increased in size and engulfed the left wing and aft section of
the aircraft.

The Board also made nineteen "Other Findings", including the following:

- The flight crew reacted promptly to the abno)mality in the take-off run by
initiating a rejected take-off.

- The aircraft was not brought to a stop in accordance with the published rejected
take-off procedure.



4-7

- Communication and coordination between the cabin and the flight deck did not
result in an early appreciation of the problem and resulted in a significant
delay before the flight crew was aware of the existence and seriousness of the
fire.

- Air traffic services personnel were immediately aware of the fire but did not
immediately inform the flight crew.

- The flight crew relied excessively on the cockpit fire warning indicators to
confirm the existence of fire.

- Published emergency procedures and training did not provide adequate guidance
in the event of a general aircraft fire.

- Once aware of the fire, the flight crew did not immediately take appropriate
emergency action.

- Most passengers were regular travellers, familiar with the Boe:ng 737; this
contributed to the success of the evacuation.

- The last passengers to evacuate the aircraft evacuated at about the last possible
moment.

- The aircraft was not brought to a stop on the runway, thereby limiting the paved
manoeuvring space available for the Crash Firefighting and Rescue vehicles.

- Crash Firefighting and Rescue services were hampered by the difficulty encountered
by a vehicle traversing the soft, wet terrain.

The CASB has developed a variation on the ICAO format for the "Recommendations" section
of an occurrence investigation report. In CASB reports, this section is titled "SAFETY
ACTION". This modification permits the inclusion of a description of actions taken
subsequent to the occurrence as well as a qualitative description of action required and
safety concerns in addition to the traditional "Recommendations".

Under "Action Taken" in this report, the Board made the following observations:

"The Canadian Aviation Safety Board notes that as a result of this occurrence, the
air carrier has taken the following corrective action with respect to its Boeing
737 emergency and standard operating procedures:

a) Pacific Western Airlines has instituted combined recurrent emergency procedures
training for flight and cabin crews in order to improve total crew coordination
during emergencies;

b) Modifications to the service interphone system and cabin to cockpit call lights
are underway to allow ditect and immediate communication between the flight and
cabin crew; and

c) Emergency procedures training now emphasizes the need to stop the aircraft
immediately and determine the cause of the rejected take-off. For fires on-the-
ground, training puts greater emphasis on visual inspection by opening the
cockpit window and by solicitiig information from any and all sources."

Under "Action Required", the Board made nine Aviation Safety Recommendations (which were
issued to the Canadian Minister of Transport) and re-emphasized the importance of training
to ensure rapid and appropriate response, by all parties, to emergencies such as an
aircraft fire. Three of the Board's Recommendations dealt with qaality control of engine
overhaul procedures, better airport emergency procedures for the control of accident
survivors, and the need for authorization from the investigator-in-charge before an
accident runway is cleared and returned to service. The other six Recommendations were
as follows:

- The Department of Transport revise its training syllabus, procedures, and Air
Traffic Control Manual of Operations (MANOPS) to require that air traific services
personnel take immediate action to anforr, the pilots of an aircraft of any
observed condition that may adversely aftect that aircraft's safety, such as a
fire. (CASB 87-02)

- The Department of Transport require that aircraft-on-the-ground emergency
procedures and training emphasize the need to stop an aircraft immediately and
determine the nature of the emergency. (CASB 87-03)

- The Department of Transport require that emergency procedures and training incor-
porate coordinated responses by the total crew complement. (CASB 87-04)

- The Department of Transport require that transport category aircraft have a means
for the cabin crew to alert the cockpit crew directly and in°nediately of any
critical on-board emergency. (CASB 87-05)

- The Department of Transport require that emergency procedures be implenented for
those fires which do not immediately activate on-board fire or smoke detection
systems. (CASB 87-06)

- The Department of Transport review current aircraft design criteria with the
long-term objective of reducing or eliminLting the hazard of uncontained engine
components compromising the airworthiness of the aircraft. (CASB 87-07)
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Finally, under "Other Safety Concerns", the Board expressed support for Transport
Canada efforts to develop improved all-terrain CFR vehicles and made several observations
with respect to aircraft cabin safety. The latter, which are of particular relevance to
this symposium, are as follows:

"Fires that occur in transport category aircraft continue to provide graphic proof
of their swift and catastrophic effect on passengers and crews. The CASB notes
that much effort has been expended over the years to improve cabin safety in
transport category aircraft, particularly, the recent revisions to Air Navigation
Orders (ANO) Series II, Nos. 28, 29, and 30, requiring the installation of fire-
blocking materials, floor proximity emergency escape path marking and Halon fire
extinguishers in passenger compartments of transport category aircraft. These
revisions to ANOs were signed by the Minister of Transport on 06 June 1986, and
compliance is required by 31 December 1988.

"While the CASB commends these much-needed advances, fire-related occurrences such
as this one confirm the need for further effort. roxic gases generated by synthetic
materials used in aircraft cabins quickly create a lethal environment for passengers
and crew of a burning aircraft. Additionally, dense smoke in the cabin reduces
visibility and limits survivors' ability to quickly select the best escape route.

"A number of the recommendations put forth as a result of this occurrence seek to
improve the emergency procedures used to evacuate survivors and thereby reduce
the time passengers and crews are exposed to risk in a burning aircraft. The CASB
will carefully monitor such on-going efforts to improve cabin safety, such as
passenger smoke hoods, and will consider further safety action to reduce the lethal
nature of fires in transport category aircraft."

It is indeed unfortunate that research into potential safety improvements such as fuel
additives, improved fire-blocking materials, smoke hoods and aircraft cabin sprinkler
systems has been hindered by non-constructive debate and some rigid, even parochial,
attitudes. I don't know whether any or all of these would be cost efficient; what is
important at this stage is that there be international cooperation in objectively
researching all such potential improvements until it can be determined which, if any,
are worthy of implementation. To the pregoing list of research topics, one can add:
prevention of uncontained engine failures, seat-resistance to "g forces" and other
aspects of crashworthiness, carry-on baggage regulations, the appropriate number of
emergency exits, and means of improving the reliability of emergency escape slides.

Note that the vast majority of the safety improvements mentioned in this paper are not
directly related to accident causes. Certainly, we should contine to attack the causes
of aircraft accidents. But, we must never lose sight of the fact that we are also
advancing aviation safety if we can reduce accident severity and increase survivability.
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DISCUSSION

C.J. TRELOAR
I was disappointed that, on your list of future R & D,

the only mention of materials R & D concerned fire blocking.
We must not forget the many areas of materials R & D, both
ongoing and needed.

AUTHOR's REPLY:
I agree that besides fire blocking, there is a lot more,

as tonicity and durability. One problem is to meet the standards
when the new material is installed, another is to meet these
after several months of usage.

C.W. KAUFFMAN
In two more accidents since the LAX continental DC-1O we

have seen failures of evacuation slides-737's at Manchester
and Calgary. Is it time to again reevaluate the requirements
for and the standards fox Lhese slides.

AUTHOR's REPLY:
In my opinion, these two accidents would not provide

sufficient evidence to call for a major reevaluation of
evazuation slide requirements. I understand that, at Manchester,
the disabled slide was in an area of heavy fire at an exit which
was opened even before the aircraft was stopped. At Calgai ,
the right rear slide burned through between 2 and 3 minutes
after the evacuation had commenced (or 4 to 5 minutes after
the start of the external fire). Nevertheless, it would seem
that there is still room for improvement in reliability and/or
efficiency of escape slides -judging from the number of accidents
where they are unusable from the outset (e.g. because of fire,
angle of incline -when the aircraft is not level, or wind effects
on deployment) or are quickly disabled (e.g. by fire).

C.W. KAUFFMAN
In three accidents Manchester, Calgary and Rydah an aircraft

in trouble had left the active runway for a taxiway, with
detrimental results. Was there perhaps some rational reason
for this action? Should there be regulations to avoid such
behavior"

AUTHOR's REPLY:
There certainly seems to be a tendency for pilots to taxi

their disabled aircraft off the runway. As noted in the CASB
report on the Calgary accident, moving the aircraft to a taxiway
delayed the passenger evacuation and also resulted in reduced
manoeuvering space for the fire vehicles. I believe this tendency
among the pilots reflects I/ a desire not to obsrruct the actisc
runway and 2/ a frequent under-estimate of the seriousness of
their own situation. Rather then regulatory actions, I favour
clear procedures by the carriers and recurrent training of the
pilots (as per CASB Recommendation 81-03).

R. RACKE
In the Cincinnati accident there was smoke in the cabin

for a quite considerable time. Is it known whether any of the
fatalities was the result of toxic gases or fire

9

AUTHOR's REPLY:
The final report indicated that all the passengers were

alive, none were incapacitated when the plane touched down.
The cause of death was a combination of smoke inhalation, carbon
monoxyde, and burns. There was a flash fire at the ceiling at
the end, but this does not mean that the people died from flames,
people may have died from toxicity.

A.F. TAYLOR
There are clear siailar~ties between the Manchester and

the Calgary B-737 accidents. What are the main reasons why all
119 were able to escape at Calgary and only 80 of the 135 at
Manchester

9

AUTHOR's REPLY:
Yes, there are many similarities between these two accidents

and the suivivability aspect is one of the most noteworthy
differences. While I am not famiLliar with all the details of
the Manchester accident, my impression is that the difference
in survivabisity was a result of several factors. These include:

-quicker burn-through at Manchester (influenced by aircraft
orientation and wind direction)
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-degree and rate of build-up of smoke and toxic gases in
cabin
-number of exits available
-location of usable exits (front, overwing, and tail in
the case of Calgary, which reduced the exit flow direction
conflicts)
-passenger characteristics (Calgary had a high proportion
of frequent fliers; able-bodied, business travellers (not

travelling in family groups), who where very familiar
with the aircraft)
-LUCK

C. NOSES
One common factor I'm hearing in the first three papers

is that if there had been more exits, more passengers would
have gotten out. Choice of exits and reduced exit time seem
very important. Also early detection of fires seems to be
important, again giving more time. Do you agree?

AUTHOR's REPLY:
It is certainly true that the probability of survival

increases with an increase in the number of exits and the
effectiveness of their use. Of course this does not mean that
the regulations should require more and more exits; -as in most
things in life there is a trade-off between benefits and costs.
I also agree that early detection is extremely important, and
perhaps this hasn't been given the attention it deserves. Of
particular relevace are hidden fires, whose only visible
indicator is smoke (e.g. DC-9,Cincinnati), and external fires,
which may give no cockpit warning and not be visible to the
flight crew(e.g. B-737,Calgary). The CASB has issued
recommendations to rake greater use of flight attendants and
ATC personnel in corveying information such as the existance
of a fire to the flight crew as quickly as possible.

G. WINTERFELD
You talked about early detection of fire. Did you consider

smoke detectors, most of internal fires are connected with heavy
smoke developpement. Could eventually smoke detectors help in
this case?

AUTHOR's REPLY:
Actually in the Cincinnati accident the fire was detected

early, there was some smoke in thc aft laboratory. Investigation
tried to define the fire source, it appears that it was not
the waste bin. It mignt have been in the flush motor. The problem
for the crew was, once they knew there was smoke or fire, they

did not know where exactly it was, or get to it. They were unable
to know where they could use the fire extinguishers.

J.S.S. STEWART
Comparisons between Calgary and Manchester accidents are

of interest. Would you agree that the main difference is the
number of usable exits'

AUTHOR's RI Y:
I would agree that the number or usable exits was a factor,

but I'm not sure it was-the most important. See answer to
previous question. Note the reference to exit locations . At
Calgary, passengers seated in the front, m~ddle, and rear roes
COULD (and with very few exceptions, DID) use the front doors,
right overwing exit, and right rear service door respectively.
Thus they would have tended not to conflict with each other
by tLying to go in opposite direction.

COMMENT:
An analysis that I have done in the period up to 1978 was

to look at the effect of load factor on the proportion o; people
who died as a result of fire. My conclusion is : once you are
above about 20% load factor, )t did not seem to make any
difference at all between high and low load factors. I do not
know what this means, psychologists have to look at. That in
itself does not suggest that we did not have enough exits.
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E= M OF mIMv FIRE SAFETY STANDAS
ALOTlD BY 70 FEIAL AVIATION ADM ISTRATIOt

Constantine P. Sarkos
FManager, Fire Safety Branch

Federal Aviation Adninistration Technical Center
Atlantic City International Airport, NJ 08405

U.S.A.

This paper summarizes a series of improved fire safety standards for transport aircraft adopted
or proposed by the United States Federal Aviation Administration over the past five years and
describes the technical development of these standards. Important test results and analyses employed
to develop the new standards are described. Reference is made to technical publications issued by
the FAA for each fire safety area. Emphasis is placed on recent and high-impact rulemaking actions
such as the heat release standard for large surface area interior panels (based on the Ohio State
Rate-of-Heat-Release Apparatus). Other activities summarized include heat resistance evacuation
slides, smoke detectors and fire extinguishers, cargo cocpartment fire protection, seat cushion fire
blocking layers, floor proximity lighting, and crewmember protective breathing equipment.

I MOMMO

The Federal Aviation Administration (FAA) has undertaken an unprecedented series of regulatory
actions over the past five years for the purpose of improving transport aircraft interior fire
safety. These initiatives were part of a broad, scheduled program to enhance airliner safety that
includes such diverse topics as water survival, child restraints, and crashworthiness (1). They are
a culmination of a number of factors, including advisory committee recommendations (2),
congressional support, product oriented FAA technical programs, accident pressures, and industry
cooperation.

Aircraft interior desigu for fire safety covers three broad areas: material fire test methods,
fire management and suppression, and evacuation and survival. Because of the overriding concern
with the effect of the hazards of burning interior materials on occupant survivability, the FAA has
placed greatest emphasis in its research, engineering and development program for cabin firs safety
on the development of improved fire test methods for interior materials. Products from this program
were incorporated into new fire test standards for seat cushion fire blocking layers (3), low
heat/smoke release interior panels (4,5), burnthrough resistant cargo liners (6), and radiant heat
resistant evacuation slides (7). New requirements for detectors and extinguishers (8) will improve
in-flight fire management and suppression. Evacuation and survival has been enhanced by new
standards for floor proximity lighting (9) and flight crewmmber fixed protective breathing
equipment and cabin creumember portable protective breathing equipment (10).

SEAT CUSHION FIRE BLOCMM LAYI

Aircraft seats are typically constructed of fire retardant polyurethane foam and upholstery
fabric, which previously was required to pass the vertical Bunsen burner test prescribed in Federal
Aviation Regulation (FAR) 25.853 (11). However, under the conditions of a severe cabin fire, the
foam core ignites readily and burns rapidly, significantly contributing to the spread of fire. The
concept of a fire blocking layer material to encapsulate and to protect the polyurethane foam was
recoamended for evaluation and development by the Special Aviation Fire and Explosion Reduction
(SAFER) Advisory Ccmittee (2).

The initial phase of FAA evaluation consisted of a series of full-scale tests to determine the
effectiveness of the seat cushion fire blocking layer concept under the conditions of an intense
posterash fuel fire. Prior work by others was limited to the evaluation of fire blocking layers
under moderate fire conditions for office, theater, institutional, and surface transit vehicle
settings. The FAA full-scale tests were conducted in a new building with the capability of
subj cting aircraft test articles to large jet fuel pool fires under control led environmental
conditions (12). A C-133 airplane modified to resemble a wide body interior was employed as the test
article (figure 1). Basically, a section of the 0-133 test article was lined and furnished with
actual cabin materials and subjected to an intense external fuel fire placed adjacent to a simulated
fuselage rupture. The results of four tests with modified seat cushions (1)), but with all other
test aspects identical, are shown in figure 2. In this figure the fractional effective dose (FMD)
accounts for the assumed additive effect of measured levels of toxic gases and elevated temperature
on survival (12). An FED value of unity corresponds to incapacitation and indicates the hypothetical
survival time. The additional time available for escape when the seats were protected with Vonar7

M

and Norfab
TM 

fire blocking layers was 60 and 43 seconds, respectively, and was comparable in the case
of Vorar to the safety benefits provided by noncombustible foam cushions. Further testing
demonstrated that blocking layers could provide even greater improvements against certain types of
ramp and in-flight fires, for example, preventing fires that may otherwise become out of control when
initiated at an unprotcted seat and left unattended (14). Although these date demonstrate the
efficacy of the fire blocking layer concept, extensive additional FAA work was needed to make the
concept into a viable product. This additional work covered the subjects of weight optimization and
durability (15), flotation (16), cost-effectiveness (17), and certification testing of cushions (18).

. . .. ... ... .. .7"T T 5 : -. . .. ... . . .
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he final rule established that transport aircraft seat cushios meet new and more severe
flammability requirements by November 26, 1987 (3). The new test methodology, developed by FAA,
subjects seat back and seat bottom cushion specimens to a burner with temperature and heat flux
typical of a cabin fire (figure 3). Unlike most flammability tests, the test specimens simulate the
end use seat configuration and allow for the burning intA action of upholstery cover, fire blocking
layer, and foam cushion. In addition, other important effects such as seat construction features
(thickness, seams, foam layering, etc.) and the melting, dripping, and pool burning behavior of
urethane foam are taken into consideration. Acceptance criteria consist of 10 percent weight loss
and a burn length of 17 inches - performance essentially matching thrit attained by the Vonar

M 
and

NorfabT M 
blocking layer materials proven effective in full-scale tents. An advisory circular was

issued by FAA to provide guidance material for testing seat cushisas to show compliance with the rule
(19).

Approximately 350 fire blocking layer materials were evaluated by FAA following the development
of the seat cushion flanmmability test methodology. About 130 materials met the performance criteria,
including, for example, thin foams, fiberglass cloths, aluminized fabrics, and graphitized fabrics,
demonstrating the availability of suitable fire blockers. 'any of the materials later proved to be
impractical from weight, comfort, and durability considerations upon subsequent indepth evaluation by
seat manufacturers. Today, the majority of seats manufactured in the United States are constructed
of either polybenzimidazole felts or aramid fire resistant quilts, weighing 6 to 10 ounces per square
yard. The entire United States airline fleet, consisting of approximately 650,000 seats, is
protected with seat cushion fire blocking layers.

IM HEAT REASE IR OR PAWS

The interior panels of an aircraft cabin, such as the sidewalls, ceiling, stowage bin, and
partitions, are very important to the cabin fire load because of their large surface area and, in
some cases, location in the upper cabin where fire temperatures are greatest. This importance was
evidenced in the full-scale fire tests with fire blocking layers (figure 2). In the test with
noncombustible seat cushions, the flashover was caused primarily by the burning panels. Interior
panels are usually complex composites consisting generally of a Rcex74 honeycomb core, resin-
impregnated fiberglass facings, and a decorative laminate finish.

The next logical step in fire-hardening the interior of a transport aircraft, after the
establishment of a seat vushion flammability standard (3), was to improve the fire performance of the
interior panels by development of more stringent and new fire test requirements. The issue of
improved test methodology was complicated by the requirement to cossider the interrelated concerns of
flammability, smoke, and toxicity. However, test methodology development was preceded by the need to
doctuent (by full-scale fire tests) the potential benefits of fire-hardened panels for several fire
scenarios.

The potential for improved safety was examined in the C-133 wide body test article used earlier
for evaluation of the effectiveness of seat cushion fire blocking layers. A section of the test
article was fitted with sidewalls, stowage bins, a ceiling, and a partition, each constructed of an
advanced composite panel selected by the National Aeronautics and Space Administration (NASA), as
well as fire blocked seats and carpet, and subjected to three types of full-scale fire conditions.
The same tests were repeated with a panel design used extensively in early wide body interiors and
still retained for some interior applications. The safety improvement associated with thz advanced
panel when compared to the in-service panel was significant. With the advanced panel, flashover was
actually prevented when the external fuel fire was adjacent to a door opening or when an in-flight
fire was started from a gasoline drenched seat. In the more severe ruptured fuselage scenario,
wherein seats are more directly exposed to the external fuel fire, use of advanced panels resulted in
a 2-minute delay to the onset of flashover (20).

The full-scale fire tests in the P-133 wide body test article, conducted to examine the benefits
of seat cushion fire blocking layers and fire-hardened interior panels, demonstrated that occupant
survivability was largely driven by cabin flashover. Flashover may be defined as the sudden and
rapid uncontrolled growth of fire from a relatively small area surrounding the ignition source to the
remainder of the cabin. Typical C0-133 test data exhibiting this behavior are shown in figure 4.
Before the onset of flashover, which occurred at about 150 seconds, the smoke and toxic gas levels
were minimal and survival was clearly possible. After the onset of flashover, smoke and toxic gas
levels and temperature increased rapidly to a level that would have made survival highly unlikely.

It should be noted that flashover is a phenomenon that generally occurs when fire in an
enclosure generates heat at some critical rate that is effected by heat transfer and ventilation.
Flashover to a large degree is caused by the heat release rate of burning interior materials. Thus,
a rate of heat release test methodology will tend to yield the contribution of a given material to
the flashover event. Also, selection of interior materials on the basis of minimizing heat release
rate also serves to implicitly reduce the cabin smoke and toxic gases hzards since it is the
flashover event that generates hazardous quantities of combustion products (figure 4).

Several studies were conducted to correlate the performance of composite panels in a heat
release test device and under realistic cabin fire conditions. Initially, a variety of laboratory
flammability tests were evaluated in terms of panel performance with results in a 1/4-scale cabin
model (21). The Ohio Stats University (OSU) rate-of-heat-release apparatus exhibited the best
correlation with model fire test results. Although probably any of the available heat release rate
tests would serve to yield the flashover potential of various panel materials, the OSU apparatus was
selected specifically for further evaluation and development. The decision to select the 0SU
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apparatus was based on the above correiation study as well as reccmmendations of the SAFM committee
(2), the use of the OSU apparatus in the development of the Combined Hazard Index (22), the
availability of the OSU apparatus with the airframe manufacturers and its standardization by the
American Society of Testing and Materials (AST). A second study corroborated the earlier good
correlation results in that it established an inverse relationship between heat release measurements
in the OSU apparatus and the time-to-flashover of a series of composite panels evaluated in the full-
scale '-133 test article under postcrsh fire conditions (23).

The second correlation study involved 0-133 tests of five composite panel constructions under a
scenario consisting of an external fuel fire adjacent to an open door. To realistically evaluate
pane! performance, the flat panel test specimens were installed in a typical configuration that
included sidewalls, stowage bins, a ceiling and partitions (figure 5). In this arrangement, other
factors such as ease of ignition and flame spread rate for the panels, as well as the contribution of
fire-blocked seats and carpet, were allowed to come into play. The results of these tests are shown
in figure 6 as an FM) history plot. The graph indicates a wide range in behavior for the five types
of panels. The phenolic/Kevlar and epoxy/fiberglass panels displayed the earliest flashovers,
utereas the phenolic/flberglass panel delayed flashover by about 3 minutes. Moreover, there was a
monotonic, inverse relationship between heat release measured by the OSU apparatus and time to
flashover. Also, the data indicate that small changes in heat release by materials may result in
large changes in the time to cabin flashover.

The actual criteria for material selection were driven by the level of benefits evidenced by
full-scale testing. The phenolic/fiberglass panel tested well under virtually any test cond' .on
(23), and this construction was achievable by state-of-the-art manufacturing processes. Thus, the
phenolic/fiberglass panel was used as a benclhark for selection of the performance criteria for OSU
testing of panel materials. A pass/fail criterion of 65 kw-min/m

2 
for a 2-minute total heat release

was selected to embrace the performance of the phenolic/fiberglass panel. An additional criterion of
65 kw/m

2 
for peak heat release rate was included to eliminate usage of those materials that burn

rapidly but produce small quantities of heat because of their low weight. The final rule also
contains a new requirement for smoke emission testirg in order to minimize the possibility that
emergency egress will be hampered by smoke obscuration (5).

A schematic of the OSU apparatus is shown in figure 7. The equipment is basically a flowthrough
device that measures the heat release rate as a function of time by a material subjected to a preset
level of irradiated heat. Although the relationship between heat release rate data measured by the
OSU apparatus and cabin fire conditions was demon-trated, the OSU data have been found to be
sensitive to certain design features and operational conditions. Three round-robin test programs
between FAA and the United States Aerospace Industries Association (AIA) were necessary to reduce the
reproducibility of data between laboratories to an acceptable level (24). Results from the third
round robin, with Boeing, Douglas, OSU, and FAA as participants, however, indicate that consistent
results are attain.bi: (figure 8). For example, the reproducibility of the third round robin, as
measured by the percenuage average relative standard deviation, was 7.7 and 7.8 percent for total
heat release and peak heat release rate, respectively (24). Moreover, in a more recent round robin
involving FAA and four laboratories in Europe, the reproducibility was quite acceptable after the
initial comparison - 5.4 and 10.9 percent for total and peak measurements, respectively.

CAR30 LI BUUMO RESISTANCE

Lower cargo compartments in large transport aircraft are categorized as either class C or class
D types (11). The latter are small compartments designed for fire containment by oxygen starvation,
while the former are larger compartments that are required to have a fire detection and suppression
system. FAA conducted full-scale fire tests to investigate the resistance of cargo liners to flame
penetration for both compartment classifications. In a class D compartment, where it is critical
that liners not be breached in order to allow oxygen starvation to take place, it was found that some
types of liners failed (25). Fiberglass liners resisted burnthrough, whereas Nomex liners were
penetrated by the flames (figure 9). It was concluded that a class D cargo fire was controllable if
fiberglass or equivalent were the liner materials; but, if Nomex were used, the fire would continue
to burn because of the availability of oxygen due to liner failure. In tests conducted inside a
class C cargo compartment, even with a detection/suppression system, liner burnthrough resistance
equivalent to fiberglass was required to ensure fire suppression under all scenarios (26). For
example, Kevlar liner burnthrough occurred when sudden, intense flaming fires were employed and when
a time lapse was allowed between the points of detection and discharge of suppression agent.
Although the fire may be suppressed by the agent, it was determined that the breached cargo liner
would cause a more rapid depletion of agent concentration and re-ignition at an earlier point in time
than in an intact compartment. The main conclusion from the testing was that a more realistic and
severe test requirewnt was needed for cargo liners used in both class C and class D cargo
compartments.

A new fire test method that measures the burnthrough resistance of cargo liners, shown in figure
10, was developed with the features of severe liner exposure (matching the maximum heat flux and
tem erature measured during full-scale tests) and realistic ceiling and sidewall liner orientation
( This test method is the basis for more stringent test requirements in newly certified aircraft
(6) and a similar proposal for certain transports now in service (28). Criteria for acceptance are
that there must be no flame penetration of ceiling and sidewall specimens and that the temperature
measured above the ceiling specimen must not exceed 400 OF. The flame penetration criterion can be
met by fiberglass liners but not by Nomex or Kevlar liners (27). However, many.fiberglass liners
cannot meet the peak temperature criterion because of the type or weight of resin and type of cloth
weave (29). It appears that fiberglass suitably tailored to meet the peak temperature criterion will
be the material of choice for new burnthrough resistance requirements although several new materials

4 or combinations are being studied.
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In a more recent, separate action, the FAA has proposed a new airworthiness directive (AD) for
"ccabi" airplanes certified with a main deck class B cargo comartment (30). This action was
prompted by the loss of a 747 airplane that apparently developed a major fire in the main deck cargo
compartment. The AD proposes design changes that would require that the class B ccpartments be
modified to a class C configuration or that burnthrcu i resistant cargo containers, meeting the more
stringent test requirements for cargo liners (6) and employing smoke detection and extinguishing
systems, be used to carry all cargo.

RADIANT BEAT RESISTANT EVACUATION SLJM

In 1978, a D1-10 experienced an aborted takeoff resulting in a major jet fuel fire and the
resultant collapse of a deployed evacuation slide caused by radiant heat damage. Although the two
fatalities were not attributable to loss of the slide for emergency egress, the FAA undertook a test
and development program to improve the radiant heat resistance of slide fabrics. From a series of
full-scale fire tests in which pressurized slides were subjected, at various distances, to a 30-
foot-square fuel fire, itWwas determined how slides failed an' the time duration for failure (loss of
pressurization) to occur (31). For example, a typical urethane nylon slide, located 15 feet from the
edge of the fuel fire, where the irradiance was 1.5 Btu/ft 2

-sec, failed in 25-30 seconds on the plain
surface (non-seam area). Also, it ws sham that an aluminized reflective coating significantly
improved the airholding qualities. The uncoated urethane nylon slide that failed in 25-30 seconds
held pressure for 70-75 seconds when protected with an aluminized coating and loss in pressure
occurred at an opened seam.

To permit the development and qualification of improved slide fabrics, a laboratory test was
developed (31). The essential features of the laboratory test, shown in figure 11, are a radiant
heater, calorimeter, pressure holding cylinder, specimen holder, pressure gage, pressure transducer,
and recording device. Basically, a slide fabric specimen is mounted to the pressure holding cylinder
which is then pressurized. The irradiance to the specimen is set by the calorimeter. Pressure
holding capability of the specimen at the set irradiance level is determined by the recorded pressure
history.

On June 3, 1983, FAA issued Technical Standard Order (TSO)-C69a, Emergency Evacuation Slides,
Rasps, and Slide/Raft Combinations, which made general improvements to the equipment requirements and
contained new requirements for radiant heat resistance (7). TSO-069a required that all evacuation
slides purchased after December 3, 1984, meet the new standards. For radiant heat resistance, the
requirement is retention of pressure for 90 seconds at an irradiance of 1.5 Btu/ft 2

-sec. The
pressure holding members of all TSO-approved inflatable evacuation slides are now constructed of
aluminized materials in order to provide adequate radiant heat resistance.

SMi D0Mw AND FIRE XIGSHR

As the result of investigations of in-flight fires, including the Air Carada D-9 on June 2,
1983, (that resulted in 23 fatalities) and an insction survey of the United States air carrier
fleet, the FAA amended the FARs with the following requirements: a smoke detector in each lavatory,
an automatic fire extinguisher in each lavatory trash receptacle, increased number of hand fire
extinguishers, and the use of Halon 1211, or equivalent, as the extinguishing agent in at least two
of the hand fire extinguishers (8). A separate time period was specified for implementation of each
requirement, with the longest period extending to April 29, 1986.

FAA supportive experimental and analytical studies for these amended regulations have
concentrated on the effectiveness and safety of Halon 1211 (bromochlorodifluorcmethane) hand
extinguishers. Initial tests showed the superiority of Halon 1211 in knockdown and extinguish ant
capability against fuel drenched seat fires in comparison to water, dry chemical, and carbon dioxide
extinguishers. However, opposition to the usage of Halon 1211 centered on the toxicity associated
with the agent and, in particular, its decomposition products. Subsequent tests by the FAA clearly
showed that virgin agent and decomposition gas concentrations peaked at levels significantly below
values considered dangerous and rapidly dissipated due to the effect of adsorption, stratification,
dilution, and ventilation (32). Typical gas profiles measured near an extinguished seat fire in the
0-133 test article are shown in figure 12. Hydrogen fluoride (HF) and hydrogen bromide (HBr)
concentrations peaked at about 10 parts per million (ppm), hydrogen chloride (HaI) peaked at 17 ppm,
and the peak virgin agent concentration was 1800 ppm (0.18 percent). Most importantly, it became
erident that the hazards associated with an uncontrolled seat fire Auld quickly surpass those
transient hazards resulting from Haln 1211 decomposition (32) and would possibly result in cabin
flashover within 3 to 4 minutes if left unchecked (13).

To place a conservative upper limit on the quantity of agent that could safely be discharged
inside a compartment, a perfect stirrer model was used to analyze the decay of agent concentration
due to ventilation (33). Nomographs developed from this analysis predict maximum safe agent weight
for a given compartment volume and ventilation rate and are incorporated in a revised advisory
circular (AC) on hand fire extinguishers (34).

In related studies, the FAA has examined the safety of Halon extinguishing agent discharge In
small airplanes (35,36,37). A major concern is the warning label on Ralon bottles against discharge
in a small enclosure volume. Fbr example, for the common size 2 1/2 pound Halon 1211 extinguisher,
the upper volume limit for "safe?' agent discharg 312 cubic feet. However, FAA tests conducted
under simulated flight conditions in a Cessna 210 zh a cabin volume of 140 cubic feet clearly
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demonstrated that both Halon 1211 and Halon 1301 could be safely discharged in this relatively small
airplane cabin (35,36). The absence of significant concentrations of agent near a seated occupant
was shown to be primarily the result of accumulation of the heavy agent near the floor and, to a
lesser degree, high cabin ventilation rates. Apparently, the Halon bottle warning labels are based
on safety factors for human exposure as well as assumptions of zero ventilation and homogeneous agent
distribution. Fire tests conducted inside a Piper Coomanche airplane also demonstrated the
effectiveness of Lon 1211 and Halon 1301 in extinguishing hidden electrical and hydraulic fires
behind an instrument panel (37). In summary, the safety and effectiveness of Halon hand-held
extinguishers has been demonstrated for both large and small airplane cabin applications.

FIWR PROXM fl

Rapid passenger evacuation is the most critical and overriding consideration in postcrash cabin
fire safety. Eaoyant hot smoke from a cabin fire, however, clings to the ceiling and rapidly
obscures conventional ceiling mounted emergency illumination and exit signs, thereby reducing the
visibility of occupants and prolonging evacuation time. Mhe resultant reduction in visibility and
escape guidance often occurs when the lower portion of the cabin is relatively free of combustion
products. FAA tests have demonstrated the effectiveness of emergency lighting placed below the smoke
layer in the proximity of the cabin floor. In one study, the improved visibility of floor proximity
lighting systems, including lights mounted on armrests, floor mounted electroluminescent lights and
self-powered betalights, was evidenced during full-scale postcrash cabin fire tests (38). Another
study translated the improved visibility of low level lighting to faster evacuation rate (39).
People were able to evacuate in approximately 20 percent less time from a cabin simulator filled with
stratified theatrical smoke when seat mounted lighting illuminated the main aisle than from the
simulator with conventional ceiling lights. In a third study, the degree of merit of 11 improved
emergency lighting systems was evaluated on the basis of illumination, reliability, cost, and other
parameters (40).

The final rule, published on October 26, 1984, required floor proximity emergency escape path
marking to enable passengers to visually identify the emergency escape path along the cabin aisle and
to readily identify each exit by reference only to markings and visual features not more than 4 feet
above the floor (9). All in-service airplanes, type certificated after 1958, were required to comply
with the new design standards within 2 years, or by November 26, 1986. Issuance of the rule was
followed by an advisory circular (AC) to provide guidance material for use for demonstrating
compliance with the floor proximity lighting rule (41). The AC clarified, by example, systems that
could or would not meet the requirements of the rule. To meet the requirements of 25.812(e)(1) for
markings that enable each passenger to visually identify the emergency escape path along the cabin
aisle floor, the AC states that the system must provide a reasonable degree of illumination over the
entire length of the escape path along the aisle floor. A distant light at an exit that allows the
escape path to remain essentially dark would not be acceptable. Also, the requirement to readily
identify each exit by reference only to markings and visual features not more than 4 feet above the
floor would not be met by a system that provides only general diffused )tght in the vicinity of the
exit or a system which merely marks the fore and aft location of the exit along the aisle floor, and
not the exit itself.

CREU P PROMhLnVE REA ?G NJUJIHEET

Protection of crewmembers against smoke and toxic gases produced by an in-flight fire includes
fixed protective breathing equipment (PEE) for flight deck crevmembers and portable PEE for cabin
crevuembers. Criteria for design of flight creumember PEE are contained in TS0-C99 (42) and include
requirements C-,r testing masks and/or goggles for smoke leakage. Portable PEE for cabin creumembers
is required for all transport aircraft by July 6, 1989 (10). Basically, a portable PBE mast be
located at each approved hand-held extinguisher station.

FINAL CCH S

In recent years the FAA has issued an unprecedented series of new standards to improve fire
safety in transport aircraft. Many of the new standards are products of FAA's research, engineering
and development (R, E & D) program. The use of fire blocking layers for seat cushions and low
heat/smoke release interior panels are expected to furnish the greatest gains in airliner fire safety
from these standards. However, it is unlikely tnat further improvements in fire safety from even
more fireworthy interior materials can be anticipated in the foreseeable future due to the fact that
the new, stringent FAA fire test requirements, especially for interior panels, are driving technology
to produce suitable composite designs. Exclusive of fuels and fuel systems safety considerations,
additional improvements in airorePt fire safety are more likely from current R, E & D activities
related to active fire protection, such as cabin water mist fire suppression or enhanced smoke
venting.
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DISCUSSION

C. MOSES
Could you clarify which of the new fire-safety technologies

you have discussed have been or are being retrofitted into
aircraft already in use, and which will only appear in new
aircraft?

AUTHOR'S REPLY:
The following fire safety improvements have been retrofitted

into the U.S. commercial fleet: seat fire blocking layers, floor
proximity lighting, lavatory detectors and extinguishers, halon
extinguishers and additional hand-held extinguishers. Retrofit
of burnthrough resistant cargo liners is required in
approximately one year. The new regulation for low heat/smoke
release panels primarily impacts production aircraft and has
no retrofit provision; however, at the initial major refurbish-
ment of the cabin interior the usage of low heat/smoke release
materials is required.

G. COX
You are using the OSU apparatus to determine rate of heat

release. Do you have any plans to move to the cone calorimeter?

AUTHOR'S REPLY:
We are pleased with the reproducibility of the OSU

apparatus. Moreover, there are different difficulties in
measuring heat release from aircraft materials with the cone
calorimeter because of the small readings of oxygen depletion.

A. URAL
Have you consider the in-flight fire scenario where the

ignition has taken place behind the wall panels, where the
fatalities may arise due to smoke generation.

AUTHOR'S REPLY:
Yes. We are nearing completion of a project that examines

the ignitability and fire growth in hidden or inaccessible cabin
interiorlocations, such as behind sidewall panels, in lavatories,
etc. We have simulated electrical fault ignition sources,
overheated wiring and arcing, in these hidden areas and monitored
the cabin conditions in a full-scale DCIO test article. Under
these ignition conditions, the fire will self extinguish with
barely detectable increased temperature or toxic gas levels
measured in the cabin . During some tests slight smoke
obscuration is measured.

B. TUCKER
The FAA rule requiring floor proximity lighting has been

in effect for about 2J years. However, it appeirs that most
airlines do not include this feature in their assenger safety
briefings. Has the FAA considered making mandatory the inclusion
of information on floor proximity lighting in passenger briefings
and/or safety information brochures.

AUTHOR'S REPLY:
MY own experience is that more airlines are now announcing

the presence of floor proximity lighting in the passenger safety
briefings. A new Advisory Circular on passenger safety briefings
will be issued shortly by FAA with a recommendation that
information on floor proximity lighting be included in the
passenger briefing. I might also add that the function of floor
proximity lighting in an emergency situation would be rather
obvious to the passenger.

F. TAYLOR

Have you conducted any tests where you have a hole in the
ceiling, either as deliberate venting or by natural burn through?

AUTHOR'S REPLY:
One postcrash fire test was conducted with th. ceramic

insulation removed in the area of the fuselage ceiling near
the fuel fire ignition source. After the 12 min. test, the
fuselage ceiling was not penetrated. Planned FAA tests will
more thoroughly examine the effect of a fuselage "roof" opening.
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SUMMARY

A large share of all fatalities in civil aviation are caused by fire. For a passenger who
considers traveling by air as just another human activity to spend his lifetime, like
walking, sporting or sleeping, the risk of flying is more relevant per time unit than per
passenger-kilometer. This approach gives also a partial answer why so much should be done
to improve safety in civil aviation and to harden the cabin against fire hazards, although
commercial air transportation is already considered to be very safe. It is explained what
relations exist between preventive measures and measures that mainly enhance survivability.
An overview of types of aircraft accidents is given, which points to what types of measures
are applicable and effective. The regulatory authorities should gradually develop the
airworthiness requirements along these lines, in concert with technological progress and
with an emphasis on quality. This will require much attention for cost-benefit analyses
for new as well as old safety measures.

FIRE SAFETY IN CIVIL AVIATION

HOW DANGEROUS IS SAFE?

Safety means "free from danger" or "protected against risk" but this does not give any
starting-point for establishing the level of safety. One can say "The aircraft is unsafe
because there is a crack in the wing", but it is clearly nonsense to tell someone that an
aircraft is safe, because it has no crack in the wing. The reason is that safety is a
condition that can be achieved by eliminating an infinite number of possible dangers.
Therefore, safety cannot be measured. You can ascertain that something was unsafe, when
it is too late, or you can estimate on basis of experience, what the level of unsafety is.
To approximate safety you will have to make an addition or an estimation based on theory
of chances of all dangers and their possible consequences. What we really do is estimate
risk, being proportioaal to the product of the chance that something dangerous will happen,
times the importance of its consequences.
When an aircraft with ten occupants flies from A to B, then the chance that it will encounter
an accident is the same as when there are twenty occupants in it, but in the latter case
the risk of the journey is twice as high because the consequences of the accident are
doubled.
Also when this aircraft not only flies from A to B, but also returns to A, the risk will
be doubled because the chance that an accident will happen, is twice as much although the
consequences are the same.
The previous remarks all concern safety in an objective sense, but safety does have another,
emotional significance: it is a sentiment too. Also this subjective meaning is relevant
for the acceptability of a certain risk.
All aircraft manufacturers and airlines proudly advertise that there exists no safer way
of public transport than civil aviation. But notwithstanding that, quite a lot is done to
enhance safety ever more and also when one reads articles on aviation safety, one often
gets the impression that more should be done. Why?
Does it make sense to spend much attention, trouble and money to improve aviation safety,
when the level of safety apparently already is so very high?
To save human life is a very worthy goal, but when with the same effort in another area
much more lives could be saved, then it is not only reasonable, but also humane, to shift
the attention to the latter area.
In transportation, productivity is always measured to standards like passenger kilometers
or tonkilometers and therefore one is inclined to use these same standards for indicating
the level of safety which has been achieved (as a matter of fact it should be called the
level of unsafety instead of the level of safety).
However reasonable and understandable it may be that aviation people use the number of
casualties per 1 billion passengermiles as a measure for the level of safety: from the
viewpoint of the passenger this measure is not very relevant, when comparing it to the
risk of other activities. The present level in civil aviation, which is about 1.5 casualty
per 1 billion passengermiles, would be abominable for an astronaut who paces around the
earth with some 20,000 miles per hour and who stays in this satellite for a year.
And also the number of about 90 casualties per 1 billion miles, which is about true for
pedestrians in Holland, would lead to the unlikely conclusion that walking is 60 times as
dangerous as flying in a transport aircraft.
Both extremes clearly are absurd and the question arises whether there might be another
approach, which corresponds better with how a human being experiences safety and unsafety.
What a passenger in reality is interested in, is the danger of the activity traveling,
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compared to the dangers of all sorts of other human activities like sleeping, walking,

shopping, sporting and so on and so forth. Actually he is interested in the danger per
unit of time which is connected with those activities.
From data obtained by scanning the Dutch public statistics it was easy to assess that in
average 1 in 36 people dies from an accidental cause, irrespective whether this cause is a
traffic accident, or a deadly fall from a staircase, or being hit by lightning. At an average
lifetime of 650,000 hours, which is about the number of hours in 75 years, this amounts to
4 casualties per 100 million hours of life. Such an average level of (un)safety which at
present in the Netherlands applies for all human activities together, is a practical refe-
rence for comparison of the danger of several specific human activities.
After some research and calculation, this approach gave birth to the following remarkable
list:

THE DANGER OF SEVERAL HUMAN ACTIVITIES

Average: 4 casualties per 100 million hours of life
Walking: 30 ,,
Bicycling: 30 ,,
Driving in a car: 65 ,,
Light motorcycle (moped): 250 ,,
Riding a motorbike: 1400 ,,
Sports flying: 1300 ,,
Gliding: 3000 ,,
Public transport: 10 ,,
Civil aviation: 55 ,,
Playing soccer/football: ? ----------------

Because the available data were not adapted for this particular purpose some reservation
is required with respect to the exactitude of these numbers, but probably they will not
deviate very much from the real actual values. And as a matter of course, care is needed
with the interpretation of the numbers, because th1s method, like any other approach, has
several restrictions.
For instance, only the number of lethal casualties is considered and the number of non-
lethal wounded persons is omitted. But there is quite a difference in the "lethality" of
the various types of accidents. For several of the activities from the list, the lethality
is about 10%, which means that there are about 9 times as many seriously wounded persons
as lethal casualties. This applies for walking, bicycling, driving a car or a motorbike.
Remarkable is the low lethality of moped-accidents, namely 4% which means that apart from
those 250 casualties per 100 millions of hours of moped-driving, there are also 6000 serious-
ly wounded persons. Therefore an activity at which accidents have a low lethality appears
in the list relatively safer (less unsafe) than it is in reality. Lethality of flying
accidents (both sports-flying and civil aviation) is in the order of 50%, which is relatively
high. Tc illustrate this restriction I added playing soccer or football, of which I did
not have any data. But anyone can understand that for instance soccer-accidents, which
happen relatively often, are hardly ever lethal. Therefore adding the real number of lethal
accidents per 100 million hours of playing such a game, whatever this number would be,
would certainly give an optimistic view which is not justified because these games certainly
are not without danger of serious injuries.
Gliding is added to the list not only because I am a glider pilot myself, but to reveal
another restriction of the method. It is true that the number of casualties per 100 million
glider flying hours is relatively high, but one should not only look at the flying hours,
but take into account that the glider pilot in average spends 20 times more time on his
hobby than the time he actually flies. Therefore: the hobby gliding is not by any means as
dangerous as you should think when you only look in the list. (By the way: the high number
in the list is yet again a very strong motive for trying to improve safety in gliding).
it is remarkable that the level of safety in public transport by bus and by train (which I
unfortunately could not split up) according to this approach, is apparently much better
than the level of safety in civil aviation. I repeat that this applies only for transporta-
tion considered as a human activity on time-basis, and of course this approach is not
suitable to indicate the safest choice when you have to choose whether to take a bus, a
train or an aircraft for a certain journey. In that case you will have to return to a level
of (un)safety measured per passengermile.
Very interesting is the development of safety over tne years. In a period of 20 years,
safety of road traffic was ameliorated by a factor 4, which means that in about 1965 the
number of casualties per 100 million car driving hours which is now about 65, used to be
about 260. During that same period the amelioration of the safety in civil aviation was by
a factor 3. You may say that in road traffic more has been achieved with safety measures
than during the same period in civil aviation, but another factor is that in the same period
the speed of traveling in aviation was increased much more than the average speed of road
traffic.

And yet, also this approach still does not yield a fully satisfactory answer to the question
why so much attention should be paid to enhance safety in civil aviation. But that may
become clearer when one takes a closer look at the nature of the various reasons that exist
for trying to promote safety.

'I}
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DIFFERENCE BETWEEN DANGER AND RISK

Risk and danger are more or less synonymous, but there certainly is a difference. Risk has
a more quantitative notion, while danger has a more qualitative significance. In my opinion
the best way to describe their mutual relationship is to state that risk is the integral
of danger over a specific time period. In contrary, danger can be considered to be the
risk per time-unit.
Since human activities always comprise a lot of sub-activities with varying dangers, I
prefer in the following the notion risk, because of its more tangible and quantitative
character.

REASONS FOR TAKING SAFETY MEASURES IN ORDER TO DIMINISH THE RISK OF ANY HUMAN ACTIVITY

These reasons are determined by the answers to the following questions:

1) How unsafe is the activity?

2) How unacceptable is its risk because of:
-the importance of the consequences
-whether or not this risk is accepted voluntarily and wittingly
-emotional factors
-irrational factors
-political factors

3) Can the risk be influenced successfully with respect to:
-the chances that an accident will happen during the activity
-the importance of the consequences of an accident

4) How important are the economic factors like:
-the interest of the activity for all concerned
-the cost of applicable safety measures
-the social cost of an accident.

I want to elaborate a little on some of these questions.

ad 1: The first one was tackled already in the previous. It is self-evident that there is
more reason to take safety measures, when the number of lethal (and nonlethal) casualties
per 100 million hours spent on that activity is large than when it is only a small number.

ad 2: As for the unacceptability of a certain risk there exists a disproportionate relation
between the magnitude of the consequences of an accident and the unacceptability of its
risk. It is clearly proven by research that according to whether the consequences are more
serious, the unacceptability is very much greater. A lethal accident is considered to be
vastly more serious than an accident which is not. A single accident causing the death of
300 people is experienced as much more serious - and much less acceptable - than three
hundreds of accidents each causing one lethal casualty.
Especially important to the acceptability of a risk is whether this risk is accepted volun-
tarily and wittingly or whether the risk is forced upon someone without his knowing or
without his consent. The stuntman in a motion-picture gets paid to take over very risky
parts of a filmstar's role from which the latter shrinks back or for which he doesn't have
the aptitude - and when he gets wounded it is considered more or less to be all in the
game. The death of a drunken car driver who kills himself in an accident is nearly insig-
nificant compared to the unacceptability of the death of the child which was killed by the
same accident.
As to the emotional, irrational and political factors that influence the unacceptability
of a risk, one may think of feelings of horror, of impressive human suffering and of matters
like fear of flying, prejudices and again also the scale of an accident. All this is in-
fluenced to a large extent by the publicity which increases disproportionately with the
scale and which has great influence on political decision making.

ad 3: The third type of reason for taking safety measures depends on the extent and the
ways the risk can be influenced. For instance it is not possible to reduce the chance that
certain natural disasters like an earthquake will happen, but it is quite feasible to keep
away from areas which are prone to such disasters, or to build houses in such a way that
they can withstand severe earthquakes or hurricanes. But there exists no remedy against a
meteor falling on a house. So in certain cases it is feasible to attack the chance that
something disastrous will happen, and in other cases it is better to take measures in order
to reduce the possiblp damage of a dangerous event and in a few cases there is no reasonable
way to reduce a specific risk at all and one simply has to live with it.

ad 4: As to the econcmic reasons to take or to leave safety measures there is always a
balance between the value of the dangerous activity and the cost of the appropriate or
applicable safety measures. If the activity has a great value for someone, then he or she
will be inclined to take a certain risk for granted, when diminishing the risk impairs the
value of the activity. The motorcyclist who enjoys the fun of riding on a motorbike much
more than driving in a car, which is undoubtedly safer, apparently takes the greater risk
for granted. And what to say about the preference of most people to ride forward facing in
a car, bus, train or airplane? Can you imagine an aircraft manufacturer who for safety 41
reasons puts all the seats in his aircraft backward facing, or who also for safety reasons
gets rid of all those construction weakening windows in the passenger cabin? (As a matter
of fact, the original Tridents had backward facing seats, but people did not like it).
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But econo~mic factors can also yield a strong motive to enhance safety, for instance the
possibility of liability claims and the adverse publicity of a bad safety image caused by
avoidable or reproachable incidents and accidents. And of course the cost of any safety
measure also constitutes a powerful economic factor in the decision whether to implement
it or not. On this matter of cost-effectivity I will later elaborate further.

With all these different types of rcasons in mind you can easily determine that there are
strong motives to work on amelioration of aviation safety, especially in the area of public
transport.
Apart from the still existing and not to be neglected unsafety, which in itself is already
a good motive, the following reasons are evident:
- The unacceptability of aircraft accidents is always extremely high because of the scale

of ;he accidents and the serious and abhorrent consequences. This in particular is a
strong motive to pay very much attention to fire safety.

- As in all public transport, the risk comes to the passenger in an unvoluntary and hardly
realized way.

- The emotional, irrational and political factors are, although perhaps not quite reaso-
nable, a very strong reality.

- With respect to the possibility to influence the risk of aircraft accidents, much has
already been done successfully in the area of reducing the chances that an accident will
happen. Although with gradually diminishing results, work is going on in this area.

- Limiting the adverse consequences of aircraft accidents is still a very fertile area for
enhancing safety, which to a certain extent already can be concluded from the high
lethality of these accidents compared to other types of traffic accidents.

- Finally the economical factors connected with aircraft accidents often are important
stimulators to enforce safety measures. Among other things there are the enormous
liability claims which may result from an accident and also you may think of the economi-
cal result of a decrease in the number of passengers when fear of flying is stirred up
by accidents or terrorism (or even by remote causes like the Tsjernobyl disaster).
Negative economical factors are of course the enormous cost of safety mersures in
aviation, especially when it is a matter of retrofit.

WHY SO MUCH EMPHASIS ON CABIN SAFFY AND FIRE SAFETY?

From the foregoing it is quite clear that there are strong reasons for continuously trying
to ameliorate safety in transport aviation, which leads to the question: "How?"

As previously mentioned, risk is a directly proportional to the product of chance times
consequences of an accident. Therefore, diminishing risk can principally be achieved in
two ways, either by limiting the chances of some accident to happen, or by reducing the
possible damage that may result from it.
Or, in other words, one has the choice whether to direct one's attention to prevention, or
to survival of accidents.

In aviation for a long period the rule applied that "prevention is better than cure" and
in former days aviation safety people mostly concentrated their attention on preventive
measures. It is obvious that much was to be achieved in this area, in the early days of
aviation.
Accordingly, as aircraft became more complicated, larger and at the same time sa'er, it
became more and more difficult to achieve significant improvements. For obvious reasons
the most important causes for accidents were attacked first and in the course of years the
attention therefore shifted gradually to the numerous remaining causes of less and even
little importance, with the result that the effect on safety of possible safety measures
in this area is diminishing continuously. Also at the same time the number of possible
accident-causes increased because of the increase of the number and intricacy of aircraft
systems and that too is a reason for the diminishing effect of preventive safety measures.
Meanwhile in due time it was realized more and more that even aircraft accidents can be
survived. That survivability in a certain way was even enhanced by the fact that the average
size of transport airplanes increased gradually, for a large aircraft usually endures a
lower deceleration during a crash, than a smaller one.
For all these reasons the attention to new rulemaking in the field of aviation safety
gradually shifted from prevention to survival. Of course also in the past, one endeavoured
to ameliorate survival chances, remember for instance the use of parachutes, and also at
this moment preventive measures are not being neglected. But it makes clear why especially
in recent years attention is so much focussed on cabin safety and fire safety, because the
regarding safety measures to a large extent are aimed at limiting the harmful effects of
aircraft accidents as much as possible and to increase survivability.

WHAT CAN HAPPEN IN AN AIRCRAFT CABIN DURING AN ACCIDENT AND TO WHAT SAFETY MEASURES DOES
THIS LEAD?

The passenger cabin in a transport aircraft may be considered as a cocoon, to be t..-norted
by the aircraft which also serves as a protective cage for its occupants. By looking _L
number of specific accident scenarios it can be concluded which life threatening events
may happen within and with that cocoon. This in turn can give rise to insight in the nature
of possible safety measures, that can limit the harm to occupants and enhance survivability.
The chosen division of the scenarios is not complete and also not fully consistent, because
some of the scenarios overlap or flow over into each other.
A distinction is made between the accidents that can happen during free flight (climb,
cruise and approach) and accidents that can happen during take-off and landing and which
take place close to or in contact with the earth surface.
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For the sake of completeness, all types of accidents are mentionrd, even the ones which
never or seldom end in a post-crash fire, and a post-crash fire is separately mentioned
although it is not a generic type of accident, but always a result of something else.

In free flight: - Decompression
- Explosion
- In-flight fire
- Collision
- Clear air turbulence and other adverse weather phenomena.

Near the earth su'r2-: - Ditching: controlled touch-down at a water surface
- Collision with obstacles and mountains
- Failed take-off, failed landing
- Post-crash fire

DECOMPRESSION

At a normal cruise level of 30,000 ft (Flight Level 300) the prevailing outside air pressure
is about 300 mb, some three tenths of the barometric pressure at sea level. At that low
pressure outside the aircraft cabin a human being cannot live without extra supply of oxygen,
so there is a need for pressurization of the cabin. Within a pressurized cabin the pressure
at cruise level is maintained at about 800 mb, which is equal to the atmospheric pressure
at an altitude of some 5000 ft. When - by whatever cause it may be - the cabin wall is
damaged and the pressurized cabin is perforated, then in a very short time, for instance
10 seconds, the pressure difference of 500 mb will disappear because the air in the cabin
will blow out. Near the gap there will be the full pressure difference at first, which
equals 5 N per square centimeter. Should the frontal surface of a human being be exposed
to such a pressure difference, then this would exert a force of some 30,000 N, say about
6500 lbs. In reali I it is not that bad, the real forces will be a fraction of this value,
because as the distance to the gap is larger and the gap is smaller, these forces diminish
quickly. Still these forces, which manitest themselves as airforces with corresponding
high airspeeds, are very large and dangerous. It happened at decompressions that passengers
were literally blown out of the aircraft. This for instance occurred in a Lockheed Tristar
to two children, and also at a terrorist action when a bomb damaged the fuselage of an
American aircraft and a passenger lost his life when he was hurled out through the resulting
hole.
Even when a decompression occurs at a much lower altitude than cruise level, the results
can be devastating. When recently a cargo door of a B747 which apparently was not properly
locked, was blown out and took with it a part of the passenger cabin wall, several passengers
were blown out with their seats, and others in the neighbourhood of the hole were lucky
that the belts were fastened while the airplane was still in its climb and far below cruise
level.
Because of such a sudden pressure reduction the air temperature falls till far below the
freezing point and as a consequence, the watervapour in the relatively damp cabin condenses
and causes a sudden and very dense fog.
The quantity of oxygen in the rarefied air after the decompression is so low that shortage
of oxygen within a minute can lead to unconsciousness of occupants. At longer exposure to
such a low pressure or at still higher cruise levels, as with the Concorde, there is the
danger of vapor-bubbles forming in the blood, the same phenomenon as caisson-disease of
divers, who rise too quickly.
Finally also the very low temperature in itself is already a danger and the structural
weakening of the fuselage by the damage may threaten the integrity of the aircraft. In a
certain sense it may be a good thing that the pressure difference between the inside and
the outside of the cabin is leveled when the fuselage is seriously damaged because it
decreases the loads considerably.

From this description the nature of the appropriate measures can be deduced. There is an
immediate need for oxygen for all the occupants, an emergency descent (which may last for
some ten minutes) should be started immediately and adequate training of the cabin staff
is a prerequisite.

EXPLOSION DURING FLIGHT

Apart from explosions as a consequence of terrorist activity - outside the scope of this
paper - explosions on board nowadays are an extreme rcrity. In the past it sometimes happened
that an explosion was caused by a lightning strike, but by appropriate measures of a techni-
cal nature and in the area of fuel composition, this danger has been practically overcome.
But when ah explosion on board still occurs, and the aircraft desintegrates in the air,
the results will be fatal.

IN-FLIGHT FIRE

It is estimated that yearly some 500 or 600 in-flight fires hanpen in the USA, so worldwide
this number will even be much greater. From that large number t can be deducted that such
usually small fires, apparently can be contended with very effectively using the fire-
fighting equipment available on board. A necessary condition therefore is that such a fire
is perceived in an early stage. The present safety measures therefore are directed at timely
detection and extinguishing. This holds especially for the so called "hidden fires", fires
at placas where they cannot be perceived easily, like in the cargo-holds, in lavatories,
behind wallpanels and in similar places.
Fire detection and alarming in lavatories, and automatic fire extinguishers in waste-boxes
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of lavatories, are typical actual examples of this type of preventive and suppressive
measures. When a fire on board is not detected in time, the danger arises that extinguishing
becomes impossible with the available equipment. That is a very dangerous situation which
luckily very seldom occurs. The most imminent danger in that situation is poisoning and
suffocation by smoke and gaseous combustion products. Additional dangers are the reduced
visibility caused by the dense smoke and in a later stage physical burning. Only when the
aircraft succeeds in reaching an airport before the fire reaches that stage, there may be
hope of survival, but an emergency landing somewhere else in these circumstances will
certainly be fatal.
Besides measures directed at fire-fighting and fire-detection, also measures are applicable
which are aimed at retarding expansion of the fire or at diminishing such an expansion.
This approach comprises of the use of fire-delaying an fire-extinguishing materials that
develop only very little or no smoke and poisonous vapors when heated or burning. The
recently introduced "heat release" requirements will be beneficial to this purpose, although
their ma i objective is to prevent a flash-over condition. In the United Kingdom research
is going on concerning the possibilities of the use of smoke hoods, individually used
protection hoods of transparant heat resistant material, some with a built-in oxygen supply.
It goes without saying that adequate training of cabin attendants, especially in fire
prevention, fire detection and fire-fighting is an all important requirement.

MID-AIR COLLISION

On september 10, 1976, near Zagreb in Yougoslavia, a DC-9 and a Trident collided. All 176
occupants perished. A few years ago a light aircraft, flying over the outskirts of Los
Angeles collided with the tail of a DC-9. Not only all occupants from both aircraft perished,
but so did 15 persons who were in the houses that were hit by the fragments.
For this type of accidents, only preventive measures of operational nature are applicable.
In the unfortunate case of a mid-air collision, mostly it is a lost case for all of the
occupants.

CLEAR AIR TURBULENCE (CAT)

Large airspeed changes within short distances, which can occur near "jetstreams" in the
atmosphere at high altitude can cause sudden vehement movements of an aircraft, during
which accelerations and decelerations of the magnitude of for instance half a g can occur.
This so called Clear Air Turbulence which happens fairly often, usually does not haqe very
serious consequences. Mostly they are limited to injuries caused by loose objects or by
hot liquids and injuries of free walking persons.
Early detection and warning is effected by means of advanced equipment (which is still in
the development phase) and by means of communication (warnings for the presence of CAT in
certain areas to other aircraft by aircraft which encountered it). In the jassenger cabin
it makes sense to promote that passengers leave their seats as little as possible and keep
their belts on also when that is not compulsory.

OTHER ATMOSPHERIC INFLUENCES

Within the troposphere, which for most jet transport aircraft is below cruise level, proces-
ses and occurrences can happen which may give rise to disastrous circumstances for aircraft,
like extremely heavy turbulence, very severe hail and lightning strikes. A clear example
was the accident of a Fokker F28 "Fellowship" which encountered an extraordinary heavy
turbulence somewhere over the south part of the Netherlands. This caused a heavy overload
on the wing, far above its design-strength until it eventually collapsed. The wreckage
fell down and was totally destroyed; all occupants were killed.
Also for this type of accident it applies that the only remedies can be found in preventive
measures during design and during operations. There is no real way to enhance survivability
once the structural integrity of the aircraft is lost while still airborne.

DIVCHING

When for some reason, for instance because of fuel starvation or engine trouble, the remain-
ing engine power is not enough to reach the nearest airport, over sea the only recourse is
trying to touch-down on the surface of.the sea. The direct purpose of such a "ditching" is
to take care that the fuselage remains intact and keeps floating in a horizontal position
long enough to enable the occupants to leave the cabin and take their place in the life
rafts. The risk of failure of an emergency "landing" like this is considerable, especially
when the waves are high. Most aircraft have not been built to withstand a ditching and the
probability is high tnat the aircraft will break to pieces the moment it touches the
water surface. When that happens, the survivability is very low, for not only the broken
parts will not float, and certainly will not stay in a horizontal position, but the impact
velocity on the water is so high that people may be killed by it. Besides, undercooling of
a floating person happens very quick, especially in cold seawater (think of polar flights):
survivability in May in the North Sea usually is not much more than five minutes if no
special protective clothing is available. Therefore, the applicable measures are mainly
directed at survival after a succesfull ditching. They are:
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- Life-jackets, with of course a good instruction for donning and using them
- Life-rafts and slide-rafts, slides which also function as a life-raft
- Emergency signals and beacons
- Special training for aircraft crews.

At a ditching which, incidentally, hardly ever happens, there are a few small but still
important bright spots: the preparation time usually is adequate and there is not much
chance of a post-crash fire.

COLLISION WITH THE SURFACE OF THE EARTH

If due to a navigation error an aircraft collides with the surface of the earth, the velocity
at the moment of impact normally is much higher than during take-off or landing, because
the aircraft is not in a landing configuration. Mostly the aircraft will be totally
destroyed, even if the touch-down area is more or less level and often there will be a
post-crash fire. When the place of the accident is in an inaccessible area and not very
near to an airport, then external first-aid will certainly be too late.
In november 1979 a New Zealand DC-10 flew into an incline near Mount Erebus in Antarctica,
due to a navigation error caused by a wrongly programmed computer. All 257 occupants
perished. In august 1985 a B747 flew into the ground in a hilly and mountainous region
some 60 miles north of Tokio when due to a decompression, it had become totally uncontroll-
able. Except for four survivors, all 524 occupants perished.

FAILED TAKE-OFF OR LANDING

Three quarters of all accidents with transport aircraft occur at, or within a distance of
a few miles from an airport. It is then always a take-off or landing where something has
gone wrong.
The initial speed at impact in such a case is not so very high, not even for a jet aircraft,
namely some 140 or 150 knots. Also the angle with which the aircraft touches the ground,
usually is not so steep. Mostly it is something like the normal glide angle during approach,
about three degrees. Therefore the average decelerations at impact need not be so very
high. This can be elucidated with a very simple calculation. At an initial velocity of
about 140 knots and a constant deceleration of 6 g's - which is survivable - the speed is
reduced to zero in about one second and the "braking" distance is no more than about 100
ft. Should a large aircraft like a B747 collide with a wall or a mountain with this speed,
then the occupants in the back could survive even this extreme case, provided the decelera-
tion was constant and there were no other adverse circumstances. Alas, the deceleration is
far from constant and during the random movements of the airplane during the crash and due
to collisions with obstacles there are usually peak values in the deceleration of about 15
to 25 g's. But these peak values have a very short duration.
Human tolerance for acceleration and deceleration forces however is enough to withstand
such short peak values. This tolerance is very much dependent on the duration of the peaks.
There are known cases that persons have been submitted to peak values of 40 and 50 gs,
without injuries of any importance. Sustained g-values of about 10 g's are easily survivable,
although mostly in a black-out condition.
It is clear that the human body can withstand much more tnan the average g-forces that
occur during a crash at take-off or landing. Furthermore, from analyses of accidents it is
apparent, that also the fuselage normally remains intact, although often heavily damaged,
and therefore really can be considered as a protective cage for the occupants. And still
such an impact causes many serious and often even deadly injuries.
The reason for that is illustrated by the following table, in which are put together the
requirements which are in force for the strength of the "furniture" in the cabins of existing
transport aircraft and what g-forces are considered to be survivable for a human. These
latter figures are valid when hip-belts are used: when also a shoulder harness is used,
the applicable values are even considerably higher.

DISCREPANCY BETWEEN STRENGTH REQUIREMENTS AND THE HUMAN TOLERANCE FOR G-FORCES

DIRECTION REQUIREMENTS SuRVIVABLE

FORWARD 9 g 20-25 g
DOWN 4.5 g 15-20 g
SIDEWARD 1.5 g 10-15 g
UPWARD 2 g 20 g

It is very clear that the requirements for the strength of the cabin furniture, which date
from the beginning of the years '50, are far behind to what a human being can withstand.
It is no wonder therefore that the FAA last year introduced new requirements. These however
will only apply for new aircraft designs. Although they are a significant improvement
especially because also the behavior under dynamic conditions is addressid by the new rules,
it still seems that the human being can withstand considerable larger impact forces than
the seat he is placed on. The dangerous results of an impact at a crash therefore differ
from what they usually are supposed to be. What in fact happens is:
- seats collapse, with the result that people become trapped or injur,:C:
- safety belts tear to pieces;
- luggage bins become loose;
- nonrestrained people and loose objects fly through the cabin with very high relative

velocities;
aisles and emergency exits become blocked.

Besides, the dynamic circumstances during an impact when combined loads erd unforeseen

I
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deformations occur, often cause collapsing of seats and other aircraft parts at lower load
values than the static loads that these parts according to the requirements should be able
to withstand. This was the reason why in the new rules also dynamic conditions are addressed.
It is utterly important that the occupants are very well fastened to the aircraft fuselage
by means of their safety belts. This was clearly demonstrated when at an otherwise succesfull
ditching, one of the cabin attendants was in the back of the aircraft without having fastened
her safety belt. All occupants survived the ditching, but for this one cabin attendant who
during the ditching itself was hurled through the cabin and finally smashed through a cabin
wall with a velocity of some 120 miles per hour.
Even having the safety belts not tightened properly can bring about much higher g-force
peak values than those which the fuselage itself undergoes, especially when the crash sets
in with a g-force peak value instead of with a gradually increasing or just moderate dece-
leration.
The possible safety measures are obvious and part of them are recently introduced or under
discussion. Several of them however are not easy to implement or are not feasible because
of economic restrictions or unacceptability with a view on passenger comfort. Examples of
such measures are:
- increase of the strength requirements and test requirements that include testing in

dynamic load conditions and combined loads;
- application of energy absorbing constructions for smoothing peak load values;
- facilitating free movement through the aisles and improving the accessibility of emergen-

cy exits;
- restrictions with respect to hand carried luggage;
- better safety belts and safety belt fastening;
with regard to this latter point it can be remarked that the requirements for safety belts
in American cars are based on a load of 60 g. Compared with this value, the applicable
requirement of 9 g for aircraft safety belts makes a poor show. A higher safety factor
would substantially increase cabin structural weight, though.

It is obvious, that in the area of increasing the survivability of crashes during take-off
and landing, much can still be done.

POST-CRASH FIRES

The same remark is applicable to "post-crash fires". Fire after a crash, as a result of
that crash, occurs at more than 40% of the fatal aircraft accidents and is the most important
direct cause of death at accidents with transport aircraft.
Such fires originate when fuel tanks or fuel lines during impact are damaged and the spilled
fuel is ignited by contact with heated engine parts or for instance by electrically or
mechanically caused sparks. These fires nearly always are very extensive and intense and
cannot be extinguished before heavy damage has already occurred. The fighting of such a
fire therefore concentrates first on limiting its propagation and enabling the occupants
to leave the aircraft safely.
Burn-through of the cabin wall from the outside normally takes hardly more than a minute.
Within the cabin the temperature rises quickly and a dense smoke can develop. Two, three
or four minutes after the fire has burnt through into the cabin, a "flash-over fire" can
occur. This is a more or less explosive expansion of the fire, which takes place when through
the heating of the cabin materials enough combustible gazes have developed. Once this flash-
over fire occurs the situation in the cabin is unsurvivable.
The direct life-threatening dangers at a post-crash fire are:
- suffocation by lack of oxygen
- intoxication by the fumes
- burning by heat radiation

burning by molten, burning material
burning by burning clothes and luggage
decreased visibility because of smoke and because the eyes are irritated by the fumes
panic.

The safety measures which deserve consideration, are aimed at preventing or diminishing
these dangers, to postpone exposure to them and to enable the occupants of the aircraft to
escape in time.
with regard to the fire itself, there are in the first place possibilities for preventive
measures, which are outside the scope of this paper, as for instance the possible use of
an anti-misting additive in the fuel (fuel sith such an additive, the so-called anti-misting-
kerosene N4K is much less inclined to va'orize, which diminishes the chances of ignition.
Unfortunately vaporization is required in the combustion chamber of the engine, so it
introduces new problems also).
Furthermore there are possibilities to delay the burn-through of the cabin wall, by using
fire-retarding and fire-blocking materials. An interesting example is the use of a special
swelling paint on the cabin outside, which when exposed to fire, swells and transforms in
a fire-retarding layer. Also within the cabin itself a suitable application of special
materials can contribute much to limit the speed of propagation of a fire, to delay or
even prevent a flash-over fire and to diminish the development of fumes. Very important
are the recently introduced requirements with regard to "heat release" of furnishing mate-
rials. Their purpose is to postpone or even totally prevent the flash-over fire.
Together with this last item attention is also given to reducing the toxicity of those
combustion products. Measures which are directly related to the occupants are among other
things the provision of sufficient oxygen supply: it has happened that when a cabin fire
occurred the airconditioning was shut off in order not to stir up the fire, but with the
sad result that the passengers suffocated. Also, there exist individual means for occupants
enabling them to keep respirating also in a very poisonous and bad atmosphere. Especially
in the U.K. there has been a lot of attention in this area lately. This concerns the use
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of the already mentioned smoke-hoods on which a lot of development work and research is
going on. It might be possible that having a smoke-hood on board for every passenger would
have much more influence on enhancing safety, than the life jackets, which have been obli-
gatory for a long time on long overwater flights.
Also the development of a water mist spray system, looks very promising although its evalua-
tion is not yet finished.
Furthermore good training of cabin attendants is required to enable them to help passengers
in the frightening circumstances of a post-crash fire. Very important in those circumstances
is preventing panic, also negative panic, which is the phenomenon that some people bec ome
totally inactive by the shocking experiences of a crash and therefore deliberately have to
be activated.
For a quick evacuation the aisles have to be passable and stay so, which often is impeded
by pieces of luggage and other objects that are hurled around at a crash. Emergency exits
have to be accessible and easy to open, also when people are pushing and crowding in front
of them. The emergency lighting has to be effective, which among other things means that
the lights remain well visible also when a dense smoke is generated. This requirement was
the inducement for the regulation that emergency lighting should be fitted on or near to
the floor. The visibility below at the cabin floor is diminished the least because the
hot smoke rises first to the ceiling.
Escape ilides, which are very important for a quick evacuation of the occupants, must be
reliable and should not be too vulnerable to heat radiation and mechanical damage.
Markings and other signals, that indicate the emergency exits or in another way serve to
help occupants to find the right direction to the most appropriate emergency exits, should
be clear and unambiguous.
Finally there is another important area in which safety measures with respect to post-crash
fires are appropriate: the equipment of airports. This concerns of course the availability
of a quick and efficient fire brigade and medical provisions. Also a pre-planned scenario
for taking action in case a disaster occurs should be available.

CLASSIFICATION OF SAFETY MEASURES

In the foregoing it is described which types of safety measures come into consideration
for several types of occurrences. Via another approach I will now make a division of types
of safety measures in order to indicate their mutual relation.
It was argued that safety can be improved by fighting risk, and that risk is proportional
to the chance that something will happen, times the extent of its possible consequences.
This indicates that there are two principally different ways to fight risk: to prevent
something from happening and to improve survivability when something has happened. But in
reality most safety measures are a mixture of both. In a way every safety measure is to
some extent preventive, since its purpose is always to make the best out of an existing
situation and so to prevent worsening the consequences.
So there seems to be a continuous scale of possible safety measures ranging from pure
prevention to measures solely aimed at improving survivability. This scales runs remarkably
parallel to a timescale which represents the time that the safety measures come into effect
with respect to the occurrences at which they are directed.
In order to give a further explanation of the characteristics of the safety measures along
these scales I have quite arbitrarily divided the combined scale in five areas which shade
off into one another. For ease of understanding I have depicted the scale with these five
areas and in each area I have mentioned one more or less characteristic safety measure.

PREVENTION - SURVIVABILITY

1 2 3 4 5

Quality Redundancy Fire Escape First Aid
extinguishing

BEFORE v DURING I - AFTER

DESCRIPTION OF THE SAFETY MEASURE AREAS

l.Pure prevention
The first area is that of pure prevention. In a way one can hardly consider the measures in
this area to be safety measures because safety measures are aimed at abnormal occurrences,
w.ile pure prevention is directed at a situation in which no abnormal occurrences arise.
In a perfect aircraft pure prevention takes care that no foreseeable accident or incident
can happen. Only force majeure can still cause an accident but all other causes have been
prevented by sheer quality. So pure prevention is achieved by quality. Quality of design,
of operations, of procedures, of materials, of training, of maintenance and so on.
It is interesting to realise that a lot of safety measures start as a remedy against some
shortcoming in design, operations, procedure., materials etc., and that in due time these
safety measures are incorporated into quality standards. For example the recent require-
ments on heat release properties of furnishing materials, which undoubtedly can be considered
as a safety measure, will be considered in the future as a quite normal standard for the
choice of high quality materials. Also when you consider redundancy measures as a safety
measure, the fail safe concept is one way how it can be translated into quality standards
for design.
So there appears to be a gradual shift in safety mcasuruz. Either they themselves may in due
time be transformed to quality standards, or related quality standards are gradually deve-
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loped, which replace the safety measures or make them less important.
As for the time scale, preventive measures aim to be indefinitely remote from the occurrences
they should prevent.

2. Suppressive measures
The second area, for which redundancy is representative, consists of safety measures,
which come into effect when something potentially dangerous occurs. The measures are aimed
at supressing the danger in a phase and in a manner that normal operation of the aircraft
is not hampered. Often the passengers and sometimes even the crew need not become aware of
what has happened. To this area belong measures like:
-redundancy requirements for structures and systems;
-fire detection systems in combination with:
-emergency procedures for specific events;
-automatic fire extinguishers as for instance within waste boxes in lavatories, or in cargo
holds;
-the use of fire-extinguishing materials, which for instance prevent a burning cigarette butt
to start a fire;
-quite a lot of operational procedures like requirements for fuel reserves and so on.
in an advanced transport aircraft even the function of the pilot from a safety point of view,
may be considered as a safety measure in this area: the aircraft is quite capable to fly
itself automatically most of the time, so the monitoring function of the pilot is comparable
with a redundancy measurel (which of course does not mean that he is redundant).
on the time scale safety measures of this type come into effect in a very early stage of some
developing danger.

3.Fighting the hazards
The third group of safety measures consists of measures, equipment and procedures that
come into effect when some danger is so serious or is already so much developed that it will
soon be a threat to the lives of the occupants.
To the safety measures in this area belong all measures which are aimed at minimalizing
the adverse "esults of the probably coming disaster. The cabin should be constructed an
equipped to act as a protective cage for the occupants. The crew should have the appropriate
training to prepare the passengers for an emergency. Seats and safety belts should be strong
enough. Luggage should be properly stowed. Fire extinguishers should be available to the
crew and so on.
On the time scale these measures come into effect .immediately before, or during the climax
of the accident and anyhow in a phase that serious damage and harm seem unavoidable or at
least probable.

4.Escape measures
In the fourth category the actual crash has already happened. Probably a fire has started
as a result of the crash or at least there is a grave danger that a post-crash fire can
still arise. The main point is now to make escape as easy and quick as possible. Quite a
lot of safety measures are aimed at this purpose, for example:
- emergency lighting, like the recently introduced "Floor Proximity Emergency Escape

Path Lighting", provides effective guidance for the occupants to the emergency exits
and is located in a way that it will stay visible as long as possible;

- smoke hoods, aimed at giving the occupants protection against intoxication by poisonous
fumes and at providing oxygen against the danger of suffocation. Discussions about the
balance between advantages and disadvantages, benefit and cost, have not yet died down.
Although for certain circumstances the use is undeniable, up till now the available
types of smokehoods are not yet considered good enough to warrant general application
for passengers;

- emergency exits which are sufficient in number, easily accessible and openable and
which should be within reasonable reach of any occupant;

- the newly developed water mist spray system, to mention a promising new safety measure
in this area;

- crash-axes for the crew in order to clear obstructions;
- slides at every exit, in order to bridge the distance between the exit and the ground,

and to enable the passengers to clear the exit-opening as quickly as possible.

5.Post-crash measures
The last area includes equipment and services which are aimed at improving survival in the
final stage of an accident. It comprises as well equipment on board the aircraft itself as
equipment or services from elsewhere, that can be brought into action for this purpose.
Measures within, or connected with the aircraft are for example:
- life rafts;
- life jackets;
- emergency locators;
- survival kits.
Other measures and services in this area are mostly connected with airports, and are for
instance:
- fire brigades;
- first aid services;
- emergency schemes.

iI

ii
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THE FUTURE OF SAFETY IN CIVIL AVIATION AND THE ROLE OF THE REGULATORY AUTHORITIES

Based on the foregoing it is possible to make some interesting or even intriguing statements
concerning the future developments in safety of civil aviation and ak'out what the role of
the regulatory and surveying authorities can be in this area.

WHAT SHOULD BE THE GOAL?

In how far should safety be considered a necessity and where does it start to be a luxury?
There is not an exact answer to this question, because there are too many ethical, political
and economical factors which have an influence. But the approach to consider commercial
air transportation as just another human activity might provide something like a reasonable
answer.
Clearly it is not possible to evade all risk: force majeure will always remain possible.
But it can be argued that risk should be fought as long as it surpasses the average risk
of life. Of course there can be very good reasons for a person to accept a higher risk,
but for public transportation it is quite another matter to submit passengers to a higher
risk than they run in average. On the other hand, it is hardly worthwile to fight risks
for activities that are safer than the average risk of lifa, because then there are good
reasons to spend money and energy to improving safety on other activities which not yet
have reached such a level. Therefore a very viable and at the same time challenging goal
for the safety of civil aviation could be formulated as follows:

"Living in an aeroplane shall be as safe as living anywhere else".

It will be clear that there is still a long way to go to reach such a reassuring level.

THE PERFECT AEROPLANE

Working on safety means to reduce risks. It is senseless to reduce one or two risks to
zero while leaving other risks at an unacceptable level. Like the chain which is not stronger
than its weakest link, the worst risks have the most influence on the overall safety.
Therefore fighting risks should be done on many fronts at the same time. Continuous monitor-
ing of all possible risks is necessary to keep aware of which are the worst risks in civil
aviation. At present fire risks score high on the list of potential dangers, so much atten-
tion should be directed to reduce these risks, by means of safety measures. In the long
run safety measures may turn into quality standards or may be made unnecessary because of
related quality measures. For in principle it might be possible to prevent all foreseeable
accidents by a perfect quality. In theory in such a perfect aeroplane, there is no need
for any safety measure apart from a superb level of quality that in itself can provide the
desirable level of safety. Whether we ever can reach that level is questionable but it is
useful to realize that safety measures should not be considered as unassailable, because
safety measures nearly always have important disadvantages. Not only disadvantages of cost
and weight penalties, but sometimes even disadvantages in another area of safety, or disad-
vantages of discomfort to the passengers.

COST-BENEFIT ANALYSES

Most new safety measures are submitted to thorough cost-benefit analyses and they should
be, because although it is not always clear who will carry the cost burden of safety, it
is sure that there is not a limitless safety budget and it is equally sure that in the
end, the passenger will pay the bill. So it is a necessity to evaluate whether a proposed
measure is worth its cost. An absolute determination of its value is clearly impossible:
therefore there are too much imponderables like for example the value of human life. Yet
it is very wise to arbttrarily put some price tag to the economical value of a human live,
like the US government does, in order to enable cost-benefit analyses. In this way, although
it does not give an absolute measure, a comparison of the effectiveness cf safety measures
becomes possible.
Not only for new safety measures such cost-benefit analyses are useful. As I have outlined,
there is a gradual shift from safety measures to quality standards and also the circumstances
change in the course of the years. Therefore it may be quite well possible that well-es-
tablished safety measures which were initiated long ago in quite different circumstances,
gradually lose their effectiveness or even become unwanted.
An example is the requirement to have a crash-axe within the passenger cabin. Only recently
the European Civil Aviation Committee decided to discard this requirement because the risk
that a passenger might use such an axe as a weapon was considered to be more important
than its benefit when a crash occurred.

THE ROLE OF AVIATION AUTHORITIES WYTH REGARD TO SAFETY IN COMMERCIAL AIR TRANSPORTATION.

Often a Civil Aviation Authority like RLD is considered to be an awkward snooper and it is
a rightful question what is the use of such an authority related to - in this case - fire
safety, or to safety of aviation in general. To answer that, it is useful to realize what
the influence on safety would be when there would not be any supervision by authorities on
safety-matters in aviation. In that case safety would undoubtedly at best become a competi-
tion-item between airlines and between aircraft-manufacturers. And because safety costs a
lot of money and the benefits are not easily perceptible, it might easily degrade in many
cases to a balance post on the budgets. Less scrupulous manufacturers and airlines could
offer lower prices and fares and for the guileless air traveler the temptation is great
to give preference to a tangible discount above something elusive as safety. Accident rates
are so low that the occurrence of accidents is no suitable means to distinguish between
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"safe" and "unsafe" airlines or aircraft types (although sometimes publicity media create
that impression). Cooperation on safety-matters between manufacturers and between airlines
would be hampered because safety soon would be drawn into the area of competition. Presumably
a new equilibrium of safety would emerge on a much lower level which would be determined
by the amount of damage to be expected and liability claims to insurance companies, or by
unions of aviation personnel that would boycott or put pressure on companies with a bad
safety record.
In this view the existence of an aviation authority as a watchdog on safety is not only
meaningful for the citizens because it ensures a reasonable high level of safety to which
each manufacturer or airline has to confirm. But also it is highly important for the manufac-
turers and airlines either who in good faith want to deliver safe products and safe services,
because it enhances their chances for survival against other companies that would otherwise
be inclined to compromise on safety matters in order to increase their revenues.
From this point of view it emerges that for the authorities to function properly they have
to pursue:

- International harmonisation of regulations;
- Continuous adaptation of regulations to the actual state of technical achievements;
- Regulations which are formulated in such a manner that the put no unnecessary and

unwanted impediments to technical progress, but on the contrary stimulate developments;
- Great care at the introduction of new safety measures, especially with regard to retro-

fit;
- Continuous orientation with regard to the social and technical developments which have

impact on aviation;
- Undeistanding for the very divergent interests in the various branches of aviation.

CONCLUSIONS

At the end of this paper it seems meaningful to summarize a few conclusions:

- Although commercial air transport is already fairly safe: it is desirable to improve
its safety much further.

- Aviation accidents are to a very high degree unacceptable.
- The possibilities to enhance safety are not exhausted by any means, especially not in

the area of improving survivability, which for a large share is determined by fire
safety.

- Quality can be considered as a superior way to achieve safety. In the long run specific
safety measures may turn into quality standards cr may become unnecessary because of
related quality standards.

- Evaluation by means of cost-benefit analyses is a must for new measures and may also
be very useful for existing measures and rules in order to test their actual effective-
ness.

- The task of the civil aviation authorities is to stimulate activities - irected at
improving safety, to prevent safety from being degraded to a competition item at the
cost of a good safety level, and to provide for a realistic rulemaking.

- International cooperation and harmonization is to this purpose a necessity.

I
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SUMMARY

The paper presents a broad overview of current research in the UK into cabin safety
with particular emphasis on fire research. The status of passenger protection
equipment is reviewed and work in the UK on cabin water sprays is reported on. Work on
fire blocking layers and small scale tests for the measurement of heat release from
aircraft furnishing materials are discussed along with the suppression of fire in cargo
compartments. Other topics include work on the mathematical modelling of aircraft
cabin fires and on the human factors side, a study of the behavioural aspects of
passengers evacuating an aircraft in a competitive situation.

INTRODUCTION

The Civil Aviation Authority (CAA) are supporting a programme of research activities in
the UK designed to improve cabin safety and passenger survivability with particular
reference to the on-board fire situation. Some of the major items from this programme
are as follows:

PASSENGER SMOKE HOODS

The CAA has collaborated with all interested parties to produce a rigorous
specification against which equipment can be approved. This collaboration has resulted
in CAA specification No 20 being issued in May, 1988 which sets out the minimum
performance requirements. These cover the ease of donning, vision, duration and level
of protection, workload, respiratory resistance, inhalation temperature,
communications, reliability, storage and fire and thermal resistance.

in conjunction with the Airworthinss Authorities of the United States (FAA), France
(DGAC) and Canada (Transport Canada) the CAA carried out a study to assess the safety
benefit of smoke hoods and any likely offset due perhaps to delays in evacuation
induced by their use. The Study was conduction by reference to past accidents to large
(more than 30 passengers) passenger aircraft since 1966. The Study took into account
the improvements in safety already provided by fire blocking of seats, floor pioximity
escape path lighting, lavatory smoke detectors and fire extinguishers. The results of
this Study were published in November 1987 as a CAA Paper (Reference 1) which concluded
that the provision of effective smoke hoods in public transport aircraft of more than
thirty seats would result in a modest saving of life of the order of nine per year
world-wide. It also concluded that if smoke hoods were to provide even a modest
benefit they would have to be of a very high quality not only in terms of the
protection they provide but also in terms of ease of use.

The CAA has a serious concern that, in some circumstances, smoke hoods might cause more
loss of life than they save. In some severe fire accidents where some passengers are
shocked and/or injured, and the cabin situation is perhaps fast deteriorating, it is
unlikely that a high proportion of passengers (with varying degrees of manual
dexterity) can be relied on to don this unfamiliar and unnatural equipment. Not only
might individuals place their own lives at risk by lingering in the cabin trying to put
on the hood correctly when they should be escaping, but they might also delay others.
Indeed there could be loss of life in circumstances where a rapid evacuation without
hoods would not have resulted in fatalities. It was therefore the unanimous view of
the grczp of Authorities (CAA, FAA, DGAC and Transport Canada) not to make the
provision of smoke hoods for passengers mandatory, but the CAA has decided to keep this
decision under review.

FIRE BLOCKED SEATS

The CAA has been concerned that the performance of fire blocked seats may deteriorate
with wear, soiling and repetitive dry cleaning of the seat coverings. A small
experiment was carried out using the standard FAA burner test (Reference 2) where the
fire blocking performance of a number of seats taken out of airline service
representing fairly heavy wear and soiling were compared with new seat cushions of the
same type. The results were not statistically significant and a rigorous analysis
showed that a sample size of over 400 seats would be necessary to obtain statistically
significant results. This has strengthened our view that a small scale test would be j
useful to monitor the fire performance of seats in service.
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A small scale test would also be useful to the seat manufacturers as a quality control
test for the fire performance of each batch of newly manufactured seats. A UK seat
manufacturer has been approached to provide a number of small samples and it is planned
to use . small scale test developed in the UK (Reference 3) by the International Wool
Secretariat to further investigate these areas.

RATE OF HEAT RELEASE

A programme has been established by the CAA to assess the variability of the results
obtained from the Ohio State University (OSU) rate of heat release apparatus,
(Reference 4). The object of the evaluation programme is to provide a comparison of
the performance and test results between organisations in Europe using the OSU
apparatus and the apparatus located at the FAA Technical Centre in New Jersey. A
number of test houses in Europe are participating in this activity. The CAA are also
keeping abreast of the developments of the Cone Calorimeter (Reference 5) which is
gaining popularity in test houses around the world and it is hoped to evaluate this
apparatus on a number of aircraft cabin furnishing materials.

TESTING OF AEROSOLS

Previous tests on the flammability and explosion characteristics of aerosols indicated
that these would not present a major hazard to aircraft, however new developments are
that some aerosols are now being produced with a plastic body rather than a metal one
and the majority of aerosols now contain flammable hydrocarbon propellants. It has
therefore been decided to carry out some further tests on aerosols to determine more
accurately the ambient temperature for rupture, to look at aerosols rupturing inside
luggage and to look at impact damage on aircarft wiring looms and hydraulic piping.
Also of concern is the likely overpressure resulting from the rupture of an aerosol in
the toilet compartment, the luggage hold and the passenger cabin. This work is being
carried out for the CAA by the UK's Fire Research Station.

MATHEMATICAL MODELLING OF AIRCRAFT FIRES

The Centre for Numerical Modelling and Process Analysis at Thames Polytechnic in the UK
are carrying out development work on mathematical field models describing aircraft
cabin fires. Mathematical modelling offers a cheaper and more general alternative to
the experimental approach, provided that the models can be re' ably validated. The
effect of various openings in the fuselage on the temperature listribution within the
aircraft cabin are being studied. Preliminary results show th.t with the forward and
aft bulkhead doors cpen, allowing for natural convection, temperatures are kept much
lower than in a sealed cabin. Results also suggest that reverse flow air conditioning
(ie, cold air injected at floor level and hot air sucked out at ceiling level)
dramatically reduces the temperature throughout the fuselage. Further work is
continuing and it is hoped to investigate more sophisticated models using heat release
and smoke and incorporating the effects of a water spray in the cabin.

CAGRO COMPARTMENTS

Research has been carried out by Graviner Limited to evaluate the single shot, double
phase cargo fire suppression systems in class C compartments and fire growth in smaller
class D compartments without fire suppression. Preliminary conclusions indicate that:

Halon 1301 at an initial concentration of 5% with a 3% bleed can control but not
extinguish deep-seated fires inside a Clazz C cargo compartment.

Variation in "Reaction Time" by the crew from 1 to 2 minutes from detection of a
fire to initiation of the suppression system has no significant effect on the
control of the fire.

In both suppressed and unsuppressed fires there is a considerable build-up of
combustible gases and explosions can occur when these gases are ignited by the
heat of the fire.

Both flame and smoke detectors were studied during the test programme and
circumstances can arise where one system would not alarm. It may be necessary
to consider using both systems.

COMPETITIVE PASSENGER EVACUATION TRIALS

The Applied Psychology Unit of the College of Aeronautics, Cranfield, UK, have run a
comprehensive programme to study the behavioural aspects of passengers evacuating an
aircraft with an element of competition. Each trial has about sixty people in a
Trident aircraft and incentive payments are made to the first thirty people to vacate
the simulated emergency. The study considers the effects of different seating
arrangements adjacent to the auxiliary overwing exits and varying widths of bulkheads
leading to the vestibules at the main door exits. It is already apparent that in a
competitve situation serious blockages can occur at the auxiliary overwing exits but
preliminary resulte suggest that the changes made by the CAA Airworthinss Notice 79
have significantly improved the situation. G ailarly, the study of bulkhead
configurations has confirmed an increase in passenger flow rate, and reduction of
jamming, as the bulkhead gap increases. However, the results of the whole programme
need to be assessed before an optimum configuration can be determined.
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CABIN WATER SPRAY SYSTEMS

A post-crash fire suppression system, internal to the fuselage has been developed in
the UK with the design objectives of:

Delaying the penetration of an external fire, through the skin of an aircraft

into the cabin interior.

Minimising the combustion of the cabin furnishings.

Preventing "flash over" fires from occurring.

Delaying the transfer of combustion products, including toxic gases, into the
occupied areas of the cabin.

Providing a level of "clean up" of combustion products such that breathing and
sight are not severely impaired in the occupied spaces of the cabin.

And

At a later stage of an accident enable the rescue services to extinguish any
fir.. in the cabin and improve further the environment and thus enhance the
chance of survival.

The company (SAVE Limited) carried out its development work in the laboratory and in a
VC10 fuselage. This work showed sufficient promise for the CAA to decide that a
demonstration was appropriate in a fully furnished aircraft. Three fire tests of the
system were carried out on a fully furnished Trident II at the Fire Service Training
School at Teesside. The first fire test represented an external pool fire developing
under the rear of an undamaged aircraft comparable to the fire in the Manchester
accident. The second fire test was a repeat of the first fire but on an aircraft
having suffered significant structural damage allowing the fire early access to the
aircraft interior. The third fire was a "worst-case" test with the system partially
disabled allowing a major fire to develop within the rear fuselage, but without the
venting of smoke, toxic gases and heat that would be expected if the aircraft had
suffered the fuselage break necessary to damage the system.

The results of these tests have been published as a CAA paper (Reference 6) and it is
concluded that:

The tests have shown that the system delayed substantially the penetration of
the fire into the aircraft and maintained a cabin environment which would have
permitted safe evacuation. Even with an improbable combination of an intact
cabin upper section and a damaged spray system, neither temperature or loss of
visibility would have prevented passengers from escaping. Whilst toxic gas
levels built up in the sprayed spaces the system, nevertheless, substantially
increased the chance of passenger survival.

Work should be undertaken to investigate the application of the system and its
effectiveness in a wide bodied aircaft. Further investigation is also needed to
understand more precisely the system's ability to control the build-up and
migration of toxic gases.

The CAA has kept the US, Canadian and European Authorities informed about the progresa
of this research. A collaborative programme of further research between the UK, US and
Canadian Authorities has been established and it is expected to include other European
Authorities in the near future.

CONCLUSIONS

The CAA is supporting a wide ranging research programme into cabin safety and fire
research. A major activity is now aimed at maintaining a survivable cabin atmosphere
through the use of interior water spray systems and a large amount of research has been
carried out. This is supported by a programme of smaller, detailed investigations of
appropriate fire technologies.

In addition an important, on going programme is underway to gain a clearer
understanding of the human factors aspects of cabin safety. This work is intended to
provide guidance both for the design and operation of aircraft.

There are no easy panacea solutions to the problems of fire and cabin safety but the
CAA is dedicated to playing its part in a worldwide assault on these problems with a
broad range of research activities.

t
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DISCUSSION

J. STEWART.
Would CAA be prepared to reassess the net safety benefit

analysis for smokehoods in the light of recent comment from
the Linacre College conference and neu evidence since FAA is
prepared to make the source data available.

AUTHOR'S REPLY:
The CAA would be prepared to review any new evidence

submitted to us relating to the net safety benefit analysis
for smokehoods.

J.C. RIPOLL
Consid6rant les m~thodes et moyens d'6valiation des

mat6riaux de cabine, quel est, selon vous, le d6lai
d'exp6rimentation sur le 'cone calorimeter' apr6s quoi on pourra
envisager de standardiser cc moyen?

AUTHOR'S REPLY:
Since our regulations in the UK allow alternate but

equivalent test methods to be used where appropriate for
material fire testing the CAA is keeping abreast of developments
in the cone calorimeter. We hope to conduct a 'round-robin'
exercise using aircraft furnishing materials when there are
sufficient cones in the UK to make this worthwhile. We are not
at this stage considering standardising on this test method
for measuring the rate of heat release from aircraft materials
but we note moves elsewhere to standardise on the cone
calorimeter.

R. RACKE
Will a cost/benefit analysis of water mist system take

into account the effects on the heat release requirements?

AUTHOR'S REPLY:
The CAA intend to produce a net safety benefit analysis

of the cabin water spray system. We will take the same approach
as we did with the net safety benefit analysis for smokehoods.
This looked at past accidents with reference to all new cabin
safety improvements to arrive at the marginal benefit to be
provided.

||-J LICHTFUSS
You have mentioned in your paper, that the CAA has made

a fully agreed decision not to force the airliners to introduce
smokehoods. This decision was on technical basis because the
safety increase is small or even there is none.
In the sentence on smokehoods, you then said that a company
is now ready to mass fabricate a smokehood. Due to Phis, you
are now rethinking about your old decision. I don't see the
logic in your mind shift.

AUTHOR'S REPLY:
After the joint four authority decision not to mandate

passenger smokehoods the CAA has consistently said that it will
keep this decision under review. The CAA has produced a
performance specification for passenger smokehoods and we are
currently working with three companies on the approach of these
devices. When approved, UK operators will be permitted to carry
these smokehood.
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OBJECTIVES AND RESULTS OF CABIN FIRE RESEARCH IN GERMANY
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SUMMARY

German activities in aircraft cabin fire safety started in the early 1980's, high-
lighted by a full scale test in 1986, simulating an aircraft in-flight fire in a modern
widebody fuselage. Beginning with a statistical analysis of in-flight fires in the pe-
riod 1970-82, the paper presents the efforts from the political side to improve aircraft
fire safety and outlines the philosophy why Germany concentrated on in-flight fire re-
search. It describes the consequences drawn out of the studies and test results for the
design of aircraft cabin interiors and for post-crash fire situations. Finally, a view
to future activities, including full scale component tests, is presented.

1. INTRODUCTION

An overall view of safety in world-wide air traffic is characterized by the statistical
mean value of one killed passenger per 1.2 billion passenger-kilometers. Or in other
words: An aircraft passenger has to fly daily for about 8 hours for more than 500 years
before he meets the probability "i of beirc killed by an aircraft accident. Looking to
these figures - is it really worth improving aircraft safety any further?

In the 1970's the German Federal Minister of Transport, in cooperation with the German
research institution PLR and the aircraft manufacturer MBB, began to analyse the present
knowledge in the field of aircraft fire safety and started to define items, which in
his opinion needed further clarification. In the frame of these pre-considerations the
ICAO flight accident statistics was analysed for the period of 1970 to 1982 (Fig. 1).

100%/0 100% _ 100 1, do

% killed .1 (o h,,. Ott)

21% eetu

41%/ flights with
pa injured
or killed unhurt 38% g.:. W tWo "Yo, Ire..

39 in-fltght 1096 lire sources
fires passengers & locations

1 ANALYSIS OF 39 IN-FLIGHT FIRES 1970-82

During this period in-flight fires occurred on 39 flights. 16 flights (out of the 39),
with in total 1096 people on board, were combined with personal damages of the passen-
gers. From these people - and this is a most awful result - 54 % lost their lifes through
fire, another 8 % got hurt, and only 38 % remained without injuries. The statistics also
showed that almost 50 % of all in-flight fires occurred in the aircraft cabin. One need
not remind of the well-known catastrophic aircraft fire accidents of Paris in 1973, of
Jeddah, Cincinatti, or Manchester later on (presented in details in the paper no. 2 of
Mr. A.F. Taylor) to come to the straight forward conclusion that aircraft fire safety
is a pre-dominant area for improving overall aviation safety.

2. POLITICAL EFFORTS TO IMPROVE AIRCRAFT FIRE SAFETY

It was in 1982, when the Committee on Transport of the European Parliament discussed
safety measures on aircraft, leading to a resolution of the European Parliament on
Dec. 17, 1982. This resolution emphasized the problem of flammability and toxicity of
the materials used for the interior equipment of civil aircraft, and requested to re-
consider the safety regulations and standards.

This European resolution was accepted by the German Federal Parliament on Sept. 14,
1983, and the German government was consequently asked to undertake all efforts towards
a fulfillment of the European recommendations.
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2 HISTORY OF GERMAN FIRE SAFETY EFFORTS 8MV
I I LR 15

Already before these European initiated activities, the German Federal Minister of Trans-

port and the German Airworthiness Authority started discussions by the end of 1981 with

the MBB company, the German partner of Airbus Industrie. The aim was to contribute to

an improvement of fire safety in civil aviation by research activities in areas to be

selected.

In the following years, the Minister of Transport awarded several contracts to MBB and

the DLR (then DFVLR), with the aim to improve the test methods for fire safety and

smoke density, in order to come to more precise requirements for cabin materials. 
These

activities were later on extended on investigations about the toxicity of emitted 
fire

gases, highlighted by a full scale test in June 1986, using a modern wide-body 
passen-

ger aircraft fuselage. Since 1984 the German Government and the FAA have agreed to co-

operate on the basis of a "Memorandum of Understanding" in certain areas of 
mutual in-

terest in aviation, one area being "cabin fire safety".

3. CONSIDERATION OF IN-FLIGHT AND POST-CRASH FIRES IN AIRWORTHINESS REQUIREMENTS

Since decades the Airworthiness Authorities tried to improve the survivability 
of air-

craft occupants during fires within an aircraft and to develop the fire safety stan-

dards. A rough overview of the history of regulations for large commercial transport

aircraft is given in fig. 3.

APnendments
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3 DEVELOPMENT OF FIRE SAFETY STANDARDS IR 15

Starting from the first more general requirements for flame resistent and self extin-

guishing materials via more detailed specifications for single structural or interior

components and more accurate test methods, the airworthiness standard of FAR Part 25

Amdt. 32 of 1972 has, regarding flammability, reached a level which in its essential

parts is still acceptable today. However, these standards do not contain any realistic

requirements for smoke density nor do they cover the toxicity problem of emitted fire

gases.

In 1978 in USA the SAFER Advisory Committee (Special Aviation Fire and Explosion Reduc-

tion) discussed among other things the chances to survive post-crash external fuel-fed

fires. Four years later full scale fire tests were carried out at the FAA Technical

Center, using a military Hercules C-133 aircraft fuselage. Comparing the results of the

investigated post-crash and in-flight fire scenarios, the FAA found that the in-flight

fire scenario was the least severe of the various scenarios studied. Depending on the

installed cabin materials for the in-flight fire scenario a flashover, which is prac-

tically not survivable, occurred only 8 minutes after having started the fire or even

not at all.

The outcome of the various laboratory and full scale tests were transferred into the

airworthiness requirements for civil transport aircraft with the obvious results that

tinder the tested conditions smoke generation and toxic gases play no essential role
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concerning survivability up to the time when a flashover occurs. With other words: The
airworthiness requirements give wiy to the interpretation that for both, post-crash as
well as in-flight fire, the probability for ocdupants to survive can be improved by
delaying the flashover, which in turn can be reached by limiting the heat-release rate
of the installed burning materials.

4. WHY GERMAN S'TUDIES ON AIRCRAFT IN-FLIGHT FIRES ?

Discussions within various German industrial and research institutions on the complex
physical and chemical interconnections during such fires raised many questions. For
instance, one basic problem, the ranking concerning survivability of the highly dan-
gerous parameters oxygen deficiency (for breathing)

temperature
toxic gases
smoke generation

was not clear, especially in the context that the airworthiness requirements do not make
reference to all of those parameters.

SURVIVABUTY FULL SCALE TEST
PARAMETERS valtse after 2 in)

oxygen down to 2%
temperature up to 1000 OC
toxic gases far above lethal dosis
smobe zero vsibility

4 SURVIVABILITY IN ItN-FLONT FIRES LR15

To highlight the situation: The German full scale test, mentioned before, showed that
after 2 min. a passenger would be suffocated, and burned, and poisoned, and that all in
an atmosphere full of smoke, where the deplorable victim is not able anymore to see his
hands in front of his eyes.

In addition, one was not really convinced that the fire safety requirements existing at
the early 1980's in practice covered both, post-crash and in-flight fires, because
their scenarios are so different.

POST-CRAS FIRE IN-FLIGHT FIRE

-structure must sustain -restriction of lire
Ice for S rin location for

20rMIn (Cvslnent. flights )
ISO n (jtercont. flights)

-attack of lire on ground -no external help
atler 2 min before landing

-external help for pass. -Passengers hn Cabin
-passenger evacuation
In 90 3e

S AIRCRAFT CABIN FIRE SCENARIOS IBMV
I ~I LR 15

For post-crash fires the time for which the fuselage structure must sustain the fire can
be assumed to be in the order of 5 minutes, whereas the time intervall before the fire
can be attacked from external sources will be 2 min., and the passengers have been eva-
cuated from the aircraft within 90 seconds (according to the regulations). Concerning
in-flight fires, one must face the fact that for instance on continental flights a fire
has to be restricted as far as possible to its location where it has started for at
least 20 minutes (on intercontinental flights in the order of 180 min.), and during this
time the fire must not endanger the safe operation of the aircraft and the lifes of the
occupants. Help from the outside is not possible before landing.

According to the experiences and test results, some of the comments related to the FAA
full scale test in 1981 simulating a post-crash fire, like
- a safe evacuation of the cabin is possible until the time when a flashover occurs,
- the mutual dependence of flammability and smoke generation does not necessitate sepa-

rate test methods,
- the amount of toxic gases, generated before a flashover occurs, is below the lethal
dosis,

have at least to be put into question for in-flight fires.

j __ _
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Apart from these pure technical considerations the German side felt especially respon-
sible for the-development of aircraft fire safety, because the MBB company manufactures
among other things the complete interior layout for all Airbuses.

5. LABORATORY TESTS

To ensure that the interior components (e.g. hatracks, seat cushions, linings, foldable
tables, carpets etc.) used for the 1:1 scale in-flight fire test comply at least with
the applicable requirements, a series of accompanying lab tests was defined. The follow-
ing fig. 6 summarizes the most essential ones.

- FAVA FA.R 25 653 An 32Mme~ txrne- test)

-NBS-CRAMSER Artm SPefxrcf
srmoe d erty ATS 1000
toxic geass

OSU -CIMiER heat fluxas & S W~cn,

- OIL 8VJtNER TEST FAR 2&853 An.59
(sea re tuocI~ng Layer)

-FULL SCALE COMPONENT deernrinat of
TEST (L-e source

TESTSITEST EIPMENT IPURPOSE OF TEST/REO0REEMENT

6 LAOfTRY TESTS 8MV

While the existing airworthiness requirements at that time asked for the Bunsen burner
test only to show compliance with the flammability requirements, in addition lab tests
related to smoke density and toxicity values of the emitted gases were performed on the
basis of the requirements of the Airbus internal specification ATS 1000.

Furthermore, all main parts installed in the cabin were tested in the OSU-chamber (Ohio
State Uniersity) to show compliance with the eat release requirement ,,100/100,
(100 kW/m maximum within 5 min., 100 kW min/m integral value for the first 2 min.),
which became valid by mid of 1986, and the more severe "65/65" heat-release limit, re-
quired by mid of 1990. To be in the position to evaluate how the materials of the in-
stalled parts and components alter their behaviour, if they are exposed to a fully de-
velopped fire with higer heat load, tae OSU-chamber tests were conducted with a heat
flux of 3.5 and 5 W/cm . To check the effect of the fire blocking layers in seat cushions
(requirement since Nov. 1984), they were tested in an oil burner test. The main parame-
ters for the fire source (e.g. fire duration), to be used in the 1:1 scale test, were
determined by a number of full scale component tests.

During the evaluation of the final in-flight fire test results it turned out that some
of the components in the cabin, like linings, seat arm rests, and foldable tables, con-
tributed to the propagation of the fire and above all to the generation of smoke and
toxic gases to an unexpected extent. It could not be foreseen before the full scale test
that such a small portion of material of the interior equipment played such a great role
on the high concentration of toxic gases.

6. REMARKS ON THE OSU CHAMBER

For the determination of the smoke density and of the toxic gas emissions from materials
used in aircraft interior fittings, the NBS chamber (National Bureau of Standard/USA)
provides an appropriate test means. However, this chamber can not be used for heat re-
lease measurements. For this purpose another test equipment, the OSU rate-of-heat-
release apparatus (Ohio State University/USA) was introduced on recommendation of the
SAFER Committee. The FAA declared, the OSU chamber would be most representative of
post-crash fire environments, and the ranking of materials from the OSU tests would be
identical to that obtained in full scale fire tests.

However, it seems to us that not all questions arising from the use of the OSU chamber
have already been solved. For instance, a number of round-robin tests, in which several
US and European OSU chambers were involved, showed that obviously small differences in
the design of the chamber caused relatively large variations in the test results. Up to
now it can not for sure be excluded that one particular material could be found accept-
able in one chamber and unacceptable in another one. At least, when the more severe
65/65 heat release requirements come into force in 1990, a good and reproducable accu-
racy is required.

The necessity to use different test facilities for showing compliance with the flamma-
bility, smoke emission, heat release, and toxicity requirements and recommendations
led to a study in Germany to investigate the feasibility of the OSU appai a cus for more
than only heat release measurements. It came out as a preliminary result that the OSU
chamber could be extended without major problems for smoke density measurements, and in
principle also for analysing toxic gases. However, thic task is not followed anymore at
the moment and stays as an open question to be studied in more details in the future.

.y-..........
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7. SJRVEY ON THE FULL SCALE IN-FLIGHT FIRE TEST

The test set-up and the results will be presented in details by a separate paper (Full
Scnle Study of a Cabin Fire in an A300 Fuselage Section, K. Dussa, R. Fiala, R. Wagner,
B. Zensus/DLR Germany). Summing up the test conditions, the simulated in-flight fire
scenario was close to the real flight condition during a fast descent phase, with the
air condition running, and atmospheric pressure inside the cabin before the fire started.
As fire source, a burner was positioned between the side wall panel and a seat, thus
simulating a fire breaking through the cabin floor from a cargo hold below into the
cabin. The burner was activated for 105 seconds. After it was shut down, the fire pro-
pagated into the cabin by itself.

The following consequences could be drawn out of the test results and out of the burnt
remains found in the cabin after the test:
- The fire blocking layers of the seat cushions distinctly reduced the total heat re-

lease. However, they could not avoid the propagation of the fire and the occurrence
of a flashover after about 2 minutes.

- The breaking down of hatracks must be avoided by structural means or by the use of
different materials.

- The generation of smoke must drastically be reduced.
- The carpet of the cabin floor could relatively well withstand the heat. (Immediately

above the floor the temperature did not rise much over 200 C.)
- The seats equipped with fire blocking layers were in relatively good condition after

the fire (weight loss below 10 %).
- Due to the temperature peak the survivability of occupants after the flashover is

zero. Additional high danger represent the reduction in oxygen and the concentration
of toxic gases. (For instance, the measured maximum concentration of HCl of 5400 ppm
is far-above the lethal dosis.)

8. CONSEQUENCES FOR THE DESIGN OF "FIRE SAFE" AIRCRAFT CABINS

To shift, in terms of time, the life threatening occurrence of a flashover as far as
possible, several structural and design related means are at disposal:

a) The use of appropriate materials with the following characteristics:
heavy inflammable and self-extinguishing,
slow flame propagation,
low heat release,
small generation of toxic gases and smoke.

b) Division of the cabin in several sections,
which are smaller than the volume required for a flashover,
smoke venting in the individual sections.

c) Immediate extinguishing of the fire under development by using on-board fire ex-
tinguishers:

Determination of the amount of appropriate extinguishing agent in depen-
dence on the fire object,
flooding of the cabin by an on-board water mist system. (Disadvantage:
Cann't be directed towards a special location, difficult use for the attack
of hidden fires, problems for the passengers.)

9. CONSEQUENCES FOR POST-CRASH FIRES

For fire brigades and rescue squads it is important t% know, in the case of opening the
fuselage exit doors, that they will be faced with 250 C hot gases (possibly escaping under
pressure), mixed with a high amount of soot and 3 to 7 % carbon monoxid. The amount of
oxygen can be reduced to 2 %. Only after 4 minutes, that means 2 min 15 sec after having
shut'down the original fire source, the visibility inside the complete cabin, also close
to the floor, was reduced to zero.

The fire brigade, when entering the fuselage by the emergency doors, must be aware that
parts might have been broken down from the cabin ceiling, and possibly openings must be
broken from the outside into the fuselage structure on other locations. To extinguish
a fully developped cabin fire at least 2500 kg Halon 1211 are necessary.

10. VIEW TO FUTURE GERMAN AIRCRAFT FIRE SAFETY ACTIVITIES

The experiences gained from the lab tests, the full scale test and the study of the
respective literature have shown that some questions can only be solved by further ex-
perimental investigations. For instance, frequent fire causes, like galleys or toilet
units, were tested in very few cases only. In addition, it is not known until now, how
the air flow in the cabin, caused by the running air condition, influences the propa-
gation of a fire and the smoke generation. Because full scale t.ests in fuselage sections
are very expensive, further component tests are planned to clarify the relation between
air flow rate, air flow distribution, fire intensity, smoke density and smoke distri-
bution.

For this purpose the DLR research institution designed and built a full scale test set
up, reusable for a great number of tests at reasonable costs, with complete seat rows,
galleys etc. The test stand, suitably equipped with a data acquisition system, consists
of a 6 meter long part of a simulated aircraft cabin. Beginning this year, these full
scale component tests will present a major event in German fire research activities.

-a
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The component test stand shall also be used for testing new products almost continuous-
ly offered by the chemical industry and aircraft equipment suppliers (for instance:
new foams for seat cushions). -urthermore, theoretical investigations are intended on
the basis of existing calculations on fires in buildings taking Into account air flows
in corridors and passage ways.

In summary, the tasks which will be supported in Germany during the next years can be
divided into several groups:

1 COMPONENT TESTS
combaatios of corrVomwb of irencr ezixrMe~

(seats, *all p&et'.s i araks, galteys. toilet uls e tc)

2 LAB TESTS cNBs a osu c-amer)
new mater- and coronert structures,
for wtkd fire data are ert yet avaitable

3 CORRELATION OF LAB & FULL SCALE
COMPONENT TESTS

retated to tire prop..oion, tempreatwre, tea flux,
sroke generatin

4 2"' FULL SCALE TEST
ufsq modemn Widotdy fuselage section

71 FUrURE GERMAN CABIN FIRE RESEARCH

At least one further full scale test is planned, which however is not yet defined in
details. But it is ensured that the existing widebody fuselage section of the first
full scale test can be used for one or even two more fire tests.

11. CONCLUSION

Solving the questions of the physical-chemical reactions of fires occurring under the
special conditions to which aircraft are exposed, and developping new materials etc.
are not enough to minimise the risk of cabin fires in future air traffic. More decisive
is the application of all these new means and safety systems by the aircraft manufac-
turers and operators. This is not an easy task, even for new aircraft, because this is
always a question of costs. The transfer of the knowledge on fire safety is even more
important for older aircraft. The situation becomes obvious if you take into account
the worldwide number of 2300 transport aircraft built before 1968 and still being in
service. The youngest fleet in Europe (Swissair) has still an average age of 5.7 years,
the average age of the total US-fleet is just over 12 years. Before not all aircraft
will be equipped according to the latest fire safety knowledge the risk of danger will
not be reduced decisively.

To come to a reasonable solution within a reasonable period of time, it is the Air-
worthiness Authorities which have to define requirements presenting a compromise bet-
ween realistic time intervalls for application and the justified safety demand of the
passengers.

-, , v .. .. y o .. .. I
-- o
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NEW AIRCRAFT CABIN AND CARGO FLAMMABILITY STANDARDS
FOR TRANSPORT CATEGORY AIRCRAFT

Arthur M. Wittenberg
Manager Materials & Processes Engineering

Air Canada
Air Canada Base 15

P.O. Box 9000
Montreal Inte-national Airport
Dorval, Quebec H4Y IC2, Canada

SUMMARY

In transport aircraft, passenger safety is of paramount importance in
establishment of criteria and requirements covering fireworthiness.
Thus for cabin and cargo interiors, regulators and aircraft
manufacturers have established flammability standards and/or criteria
for materials used in these areas. The aircraft manufacturers in
turn furnish aircraft with existing state-of-the-art materials
technology which will satisfy or exceed the standards and/or criteria
requirements. This paper outlines the evolution of these
flammability standards to-date and test methods used to ascertain
compliance and an indication of the materials used to meet these
standards.

INTRODUCTION

Passenger safety is of prime importance in the estabishment of criteria and
requirements covering fireworthiness for transport category aircraft. To satisfy as
much as practical the desire for passenger safety aircraft manufacturers generally take
the following approach:

1) Eliminate ignition sources.

2) Systematic application of design provisions to contain, suppress and/or
extinguish fires that may occur.

3) Use of materials that are highly resistant to fire and fire spread, and that
minimize the emission of smoke and toxic gases.

With regard to the latter, this paper traces and outlines the history and
evolution of passeger aircraft material flammability standards and associated test
methods regulated by the FAA and voluntary standards adopted by industry to upgrade
fireworthiness and reduce toxic gas emissions of burning materials.

INTERIOR CABIN MATERIALS

The history of FAA's flammability standards up to 1972 can be summarized by
reviewing the original burn requirements for interior wall and ceiling panels (See
Figure 1).

The first flammability requirement was implemented in 1953. It required cabin
linings to be tested to a horizontal burner flame test. Criteria for passing this test
was that the burn rate was not to exceed four inches/minute.

In 1967 cabin flammability standards were upgraded to include a vertical burn
test. Criteria for passing this test was that materials be self extinguishing without
having a burn length longer than eight inches in the vertical test nor 4 inches in the
horizontal test.

In 1971/72 with the introduction of wide bodied aircrdft the flammability
standards were further upgraded. The horizontal test was eliminated and the test
specimens were required to be self extinguishing within fifteen seconds. When tested
vertically, the time of flame exposure was increased from twelvp seconds to sixty
seconds. Additionally the burn length could not exceed six inches nor could drippings
burn more than three seconds.

In approximately 1979, industry established some voluntary standards and
objectives in addition to those decreed by the regulatory bodies in selection of
materials. These standards and objectives included low smoke emissions, low flame
spread rate and maximum toxic gas emissions. For typical objective values see
Figure 2.

It 2s evident from the foregoing, that since 1953 significant improvements had

been enforced and voluntary standards or objectives implemented to increase the fire
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resistance of cabin materials. However, not withstanding these improvements, there was
still a major concern about the ability of passengers to survive in a post crash. Thus
in 1979/80 a Special Aviation Fuel and Explosion Reduction (SAFER) Advisory Committee
was formed and this committee along with its technical supporting groups, examined the
factors affecting the ability of passengers to survive in the post crash fire
environement and the range of solutions available. The committee recommended, (a)
further research and development in regard to cabin materials, (b implementation of a
method using radiant heat for testing cabin interior materials, (c) establish the
contribution of cabin interior materials relative to the post crash fire hazard,
(d! develop for aircraft seats fire blocking layers, e.g. fire barriers for
polyurethane foam cushioning materials in order to retard fire spread.

As a result of the above recommendations the FAA initiated the necessary research
and development, conducting full scale testing using a C-133 aircraft fu;elage to
represent wide body transport. The test conditions simulated representative post crash
external fires and numerous laboratory tests were conducted to correlate possible
material qualification test methods with full scale tests. Additionally in-flight fire
scenerios were conducted with the C-133 fuselage using various on-board fire sources
such as carry-on luggage, arson fires using flammable liquids and on-board paper trash.

Significant findings of the FAA testing were as follovs:

(a) Burning cabin materials can be a primary factor affecting occupant
survivability in certain types of post crash fires.

(b) Fires in an intact fuselage will produce 'flash-over" conditions which will be
followed by loss in survivability throughout cabin.

(c) Seat blocking layers can be affective to subdue the burning of polyurethane
seat cushions.

(d) The Ohio State University (OSU) rate of heat release apparatus as standardized
by ASTM E-906 was the most suitable for material qualification.

After completing and documenting their work, the FAA in 1985 introduced a notice
of proposed rule making (NPRM 85-10) for improved flammability standards for all large
interior surface materials installed above the floor in compartments occupied by the
crew or passengers. The rule established more stringent test requirements by measuring
the intensity of heat release by utilizing the OSU apparatus.

In the OSU test procedure (See Figure 3), a vertically oriented specimen is
exposed to the thermal assault from a radiant heat panel for an exposure time of five
minutes. At ignition the combustion products leaving the chamber are monitored by the
output/intensity radiation located at the outflow of the apparatus. .The heat release
measured is (a) total heat release at two minutes and (b peak heat release rate.

Following the original issue of the NPRM 85-10, industry had considerable
technical concerns with the rule and testing. Preliminary testing by industry yielded
results considerably different from those obtained using the FAA test results. This
resulted in a series of round robin testing of the same groups of materials by various
laboratories to assess repeatability and reproducibility of results. Based on the
results of these tests, the following changes were made to the test procedure and
acceptance criteria.

1) Adjustment of specimen exposure heat flux from 5 watts/sq.cm. to
3.5 watts/sq.cm.

2) Elimination of oxygen depletion method for measuring heat release.

3) Adjustment of acceptance criteria over first two minutes of sample
exposure from 40 to 65 kilowatt-minutes/sq.'eter.

4) Inclusion of the requirement of peak heat release rate of 65
kilowatts/sq.meter.

The FAA introduced the peak heat release rate to exclude materials which have low
levels of total heat release but none the less emit a large amount of heat over a short
duration causing rapid fire spread.

During the discussion and commentary period of the NPRM the Air Transport
Association (ATA) and the Air Industry Association (AIA) at one point proposed an
alternate test criteria, comprising of a two tier certification system (See Figure 4).

Tier I - Certification of Material Systems used in the various construction types
in major support parts, with requirements involving OSU radiant heat
release test and smoke test.

Tier 2 - Certification of Individual parts by the vertical flammability test
FAR 25.853(a).
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The pass/fall smoke and heat release limits were set to allow use of the
state-of-the-art marterials and the inclusion of smoke release was intended to
distinguish between "desirable" and "less desirable" material systems in a straight
forward and conclusive way. A less desirable material in the 100/100 heat release
range was considered to have excessive smoke release characteristics (See Figure 5).
Additionally it was pointed out that essentially-there were five construction types
used for major support interior parts and each of these construction types is
represented many times in a typical cabin with variations between constructions being
minor. Thus by using the two tier certification, the amount of testing necessary for
certification and quality control would be brought into manageable bounds and would
allow separation of desirable from less desirable material systems.

Industry further contended that -

(a) their data did not support peak heat release rate as being of any greater
value than heat release as a material selection criteria, as rapidly burning
materials were already excluded by the material flammability test
requirements;

(b) although reasons for correlation between smoke emission and time to flash-over
were not perfectly understood, a direct relationship had been observed during
tests of actual production materials;

(c) history had shovn that smoke emission can be of significant importance during
in-fl ight fires.

The FAA contended that the proposal to use two tier procedure was inadequate
essentially for the following reasons:

- critical factor in survivability is time afforded for egress before flash-over
occurs and the release of large quantities of heated gases which eventually
result in flash-over is not relative to the amount of smoke released;

- no known scientific correlation of smoke release and flammabililty if
materials;

- insufficient flammability data to determine whether there is a correlation
between flammability of individual components of assembled system and the
flammability of the system.

However, not withstanding the above objections, considering the general belief
that smoke testing should be conducted to eliminate the use of materials which produce
excessive obscuring and irritating smoke which can cause distress and panic and the
fact that industry already uses smoke emission criteria, the FAA amended the final rule
to require smoke testing. The final cabin liner rule presently is as shown in
Figures 6, and 6A.

The availability of complying materials to meet the 65/65 heat release standards
by 1990 was an industry concern, as it was generally felt that the requirements could
not be met with known materials that would satisfy the standards while meeting
practical fabrication, durabililty, maintenance and appearance standard requirements.
Essentially, presently in wide body aircraft, the bulk of the sidewalls are basically
composed of Nomex (aramid) honeycomb core with fibreglass or Kevlar facings impregnated
with Epoxy or Phenolic resins and a decorative laminate composed of Tedlar (PVF) or
Tedlar and Polyvinyl Chloride (PVC) layers. Many of these parts with or without minor
changes will meet the interim 100/100 rule but will not meet the 65/65 rule. To meet
the 65/65 rule sandwich panel construction must be modified and newly developed
decorable thermoplastics or textiles need to be applied.

Typical changes that are occuring in cabin interiors to meet the 100/100 rule are as
follows:

EXISTING CONSTRUCTION NEW CONSTRUCTION

Epoxy/Kevlar Sandwich Panel Phenolic/Glass Sandwich Panel
with Decorative Laminate with Decorative Laminate

Epoxy/Kevlar Sandwich Panel Phenolic/Glass Sandwich Panel

with Grospoint Decorative with Replin/PBI

Polycarbonate Integral Color Polyetherimide (0ltem) Painted Finish

Dado Carpet LW40 PBI Replin backed with Nomex Felt

Polyester/Glass Laminates Phenolic/Glass Laminates

A

__ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ i
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Some aircraft have sidewall panels constructed of aluminum with a laminated
decorative finish. These panels would comply with the 65/65 rule. However the use of
composite construction is considered more preferable from the industry point of view as
it affords reduced weight (aluminum panels 2h times heavier) and provides superior
burn-through resistance from an external fed fire source which might occur in a crash
situation. (It was estimated by industry that the additional added fuel burn to
account for added weight on a 100 furbished aircraft per year to be one million gallons
of fuel.)

In response to the above the FAA contends that their tests indicated that -

(a) flame penetration through windows or possibly through cabin air grills would
occur much earlier than penetration through the fuselage external surface, any
insulating material and aluminum interior panels;

(b) flash-over from an external fire source would occur much later than it would
occur from a fire that enters the cabin through a fuselage rupture giving
occupants more time to egress safely;

(c) Phenolic resin fiberglass construction as produced by some manufacturers will
meet the 65/65 standard.

SEAT CUSHION FIRE BLOCKING

A major danger in aircraft fires is what is termed as "flash-over" where flammable
vapours trapped high up towards the ceiling of the cabin will suddenly ignite and
propagate the fire across the whole upper interior portion of the aircraft like a
wave. It was recognized that a major source of flammable vapours leading to this
condition is the decomposition of polyurethane foam.

One option was to replace the polyurethane with materials that do not yield
flammable vapours on pyrolysis, e.g. Polyimides. However it was found that these foams
could not be produced to obtain the comfort, resiliency and durability required for
seats. Another option was to use a neoprene foam. Neoprene foams have excellent flame
resistance and some formulations were available which had reduced smoke emissions and
weight. However the density of this neoprene foam (7-8 lbs./cu.ft.) was still too high
for aviation use. An additional option considered was the use of fire retardant
additives. The known fire retardant additives could not suppress production of
combustible vapours from polyurethane foams under sustained heat fluxes.

With the option of fire retardants considered ineffective and since there was no
commerical available foam cushion systems in early 1980 which had all the qualities
needed for seats, such as comfort, durability, acceptable weight, etc., and yet provide
sufficient fire protection, the concept of a fire blocking layer encasement was
developed. The fire blocking layer encasement is designed to inhibit or prevent the
fire involvement of the flammable polyurethane foam underneath. This involves covering
the polyurethane foam cushion with a layer of fire resistant material that will provide
ablative (sacrificial) protection of the polyurethane foam such that it would delay the
fire involvement of the polyurethane foam.

Tests conducted by the FAA and others demonstrated the superiority in fire
performance of cushions protected by fire blocking layers over the unprotected
cushions. As a result in 1985 the FAA issued new flammability performance criteria
involving the use of a Kerosene Burner Test under FAR 25.853(c). See Figure 7 for the
requirements.

The materials generally presently being used as fire blocking layers are PBI
Felts, Woven Carbon Fiber Fabrics, Woven PBI/Nomex Fiber Fabrics, Woven PBI/Kelvar
Fiber Fabrics wrapped around a fibreglass core. The foams used under the fire blocking
layers are generally flame resistant molded polyurethane foams which have improved fire
resistance over the flame resistant slab foams. Also being used for passenger seats is
a flame resistant modified polyurethane fodm called Metzoprotect FR. The seat bottoms
manufactured from this foam is a sandwich construction consisting of a core foam plus a
13mm outer layer of Metzoprotect FR. The back rest cushion is a solid Hetzoprotect FR
perforated foam. For flight attendant seats in which there are no major concerns
regarding weight and which do not require foams of similar physical properties as foams
for passenger seats, flame resistant silicone and neoprene foams are being used.

CARGO LINING MATERIALS

The majority of commercial aircraft lower cargo compartments are certified as
Class D or Class C compartments. Class 0 compartments are generally smaller
(1000 cu.ft. max) than Class C compartments and are not required to have smoke
protection or fire suppression systems. They depend on the limited availability of
fresh air in the compartment to eventually suppress any fire through oxygen
starvation. The integrity of the liners in Class D compartments is critical because a
burn-through would allow entrainment of exhaust air which flows around the
compartment. This would feed oxygen to the fire and limit the fire containment
capability of the compartment.

______ ~-'~ .----.---------------------
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Class C cargo compartments are required to have smoke detection and fire
suppression systems as well as the ability to control ventilation systems to control
environment in the compartment. Burn through would allow cabin exhaust air to mix with
air in the cargo compartment. This would provide (a) fresh air in a fire (b) dilution
of the fire extinguishing agent in the compartment.

Prior to 1986 cargo liners (Class B through E) were only subjected to vertical and
45 degree burn tests using a 3/8 inch I.D. Bunsen burner. A minimum flame temperature
of 1550"F was required and applied for 30 seconds. Criteria for passing the 45 degree
burn test was no penetration of the material after the removal of the flame source,
flame time not to exceed 15 seconds and average glow not to exceed 10 seconds.

The FAA work on compartment liners completed in 1985 concluded that the above
burner tests did not assure that liners in Class C and D compartments would not burn
through when subjected to realistic fire exposure test conditions. As a result in 1986
a new fire test was adopted for ceiling and sidewall panels of Class C and D
compartments which exposed sample sidewall and ceiling liners simultaneously to a flame
at 1700"F and 8 BTU/ft

2
.sec. placed at 2 inches from the sidewall panel and 8 inches

below the ceiling panel for five minutes. The criteria for passing are that no flame
penetrates either liner and that the temperature measured 4 inches above the ceiling
liner not exceed 400"F.

Of the 46 combinations of materials tested by the FAA, only 20 were capable of
meeting the 400°F limitation. Liners using Kevlar or Nomex were unable to meet the
burn through and/or the 400"F limitation. One surprising result of the testing was the
inability of unidirectional fibreglass liners to pass either the burn through or 400"F
limitation.

Materials presently used for liners to meet the new test criteria are fibreglass
cloth with Phenolic, Epoxy or Polyester Resins. The Phenolic resin materials have
superior smoke emission properties.

CONCLUSION

The new cabin and cargo flammability standards adopted will no doubt enhance
passenger safety and will be further improved in time when improved state-of-the-art
materials are developed and voluntarily adopted by the airlines during scheduled
refurbishment practices. To meet the 65/65 heat release standards by August 20, 1990,
Industry will need to carry out extensive evaluations of heat, smoke and toxicity
requirements of new materials and development of new production processes.

-6
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15-SEC EXPOSURE MAXIMUM BURN RATE:
BUNSEN OR TERRILL 4 INCHES/MINUTE
BURNER
SPECIMEN SIZE:
4 BY 14 IN.

15-SEC EXPOSURE (HORIZ) SELF-EXTINGUISHING
12-SEC EXPOSURE (VERT) MAXIMUM CHAR LENGTH:
BUNSEN OR TERRILL 8 INCHES VERTICAL
BURNER 4 INCHES HORIZONTAL
SPECIMEN SIZE:
4k BY 12k IN.

VERT HORIZ

1600 = 50"F SELF-EXTINGUISHING
60-SEC FLAME EXPOSURE AVERAGE BURN LENGTH:

6 INCHES MAXIMUM
FLAME TIME - 15 SEC
MAXIMUM DRIPPINGS
SELF-EXTINGUISHING
3 SEC MAXIMUM

FIGURE 1: Flammability Resistance Interior Linings Regulation Evolution.

FLAMMABILITY FLAME SPREAD INDEX MAXIMUM 25:

- APPLICABLE TO ALL MATERIALS EXCEPT
TEXTILE SOFT GOODS

SMOKE 2.5 WATTS/CM2 HEAT FLUX:

SMOKE EMISSION D, MAXIMUM 50
AFTER 4 MINUTES

- APPLICABLE TO ALL MATERIALS

TOXICITY 2.5 WATTS/CM 2 HEAT FLUX:

GAS EMISSION (PPM) CO HCN HF NC. SO NO,
AFTER 4 MINUTES 3500 150 200 500 100 100

- APPLICABLE TO ALL MATERIALS

FIGURE 2: Industry Materials Fireworthiness Objectives



9-7

SMOKE DETECTOR COMBUSTION PRODUCTS MEASURED:
- HEAT RELEASE

- SMOKE RELEASE

TEST SAMPLE

REGULATED RADIANT HEAT

AIR DISTRIBUTION PLATE
FLAME IGNITION
SOURCE

v* _-CONTROLLED
" -*- -- AIR FLOW

FIGURE 3: Ohio State University (OSU) Calorimeter

TIER I - MATERIALS SYSTEMS

Materials
Material Release Rel ease ISystems
System OSU J [BS Certification

All Systems Sandwich Panels
HR -100 Base Stock Ds c100

Decorated Ds .200
Other Components
Decorated Ds c200

TIER 2 - FINAL PARTS

Fabricated iCretFinalI

Airplane - BnsnParts
PartsBre Certification

FIGURE 4: Certification of Materials Systems and Fabricated Parts

.z__ _
- J
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TIME TO DESIRABLE/ SMOKE
GENERIC PANEL TYE FLASH-OVER LESS DESIRABLE RELEASE

(4 min)
(C-133 full scale results) Os

(seconds)

Epoxy/Glass 75 Less desirable 218

Phenolic/Glass 240 Desirable 18

Epoxy/Kevlar not run Less desirable 212

Phenolic/Kevlar 75 Less desirable 118

Polycarbonate --- Less desirable w200

ABS --- Lels desirable 2-400

FIGURE 5: Characteristics of Generic Panels

BY AUGUST 20, 1988

- 100 Kilowatt-Minutes/sq.meter - Total Heat Release Over First 2 Minutes

- 100 Kilowatts/sq.meter - Maximum Peak Heat Release

BY AUGUST 20, 1990

- 65 Kilowatt-Minutes/sq.meter - Total Heat Release Over First 2 Minutes

- 65 Kilowatts/sq.meter - Maximum Peak Heat Release

- 200 Maximum Optical Smoke Density After 4 minutes

- Heat Release Measurements by OSU

- Smoke Density measured in flaming mode per ASTM F814

- Vertical Bunsen Burner Test per FAA 25.853(a) also required.

FIGURE 6: Cabin Liner Heat and Smoke Release Rule

"UPON THE FIRST SUBSTANTIALLY COMPLETE REPLACEMENT OF THE CABIN INTERIOR..."

AFTER AUGUST 20, 1988 - HEAT RELEASE REQUIREMENTS OF 100/100

AFTER AUGUST 20, 1990 - HEAT RELEASE REQUIREMENTS OF 65/65

SMOKE EMISSION REQUIREMENTS OF 200

FIGURE 6A: Airplane Retrofit Cabin Liner Heat and Smoke Release Rule

2 MINUTES DIRECT FLAMING

TEMPERATURE 1000 - 1078"C

RADIATION INTENSITY 11,5 W/CM
2

WEIGHT LOSS LO S THAN 10%

BURN LENGTH LESS THAN 43 CM

FIGURE 7 : Require.ments - Kerosenw Burner Test FAR 25.853(c)
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DISCUSSION

F. TAYLOR
Would you please clarify the status with respect to current

and future regulations of the 'Tedlar covered vinyl aluminium
laminate' sidewall panels as used on the B737 at Manchester
(22 AUG 85) as it could be observed that the plastic layer had
peeled off in 'fingers' thus exposing a large area for seemingly
rapid fire spread along the fuselage.

AUTHOR'S REPLY:
This construction would meet the 100/100 heat release rule

but not the 65/65 heat release rule, due to presence of the
PVC.

o- ,
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Fire Prevention in Transport Airplane Passenger Cabins

Dipl.-Ing. Udo Wargenau
Manager Cabin, Cargo Systems

Cabin Interior and Cargo System Engencering
Lufthansa German Airlines Dept.IK-W

Airport Area West
D-6000 Frankfurt/Hain 75

FRG

Summary:
The most important aspect in air transportation is safety, a part of which is fire
prevention. In the environment of the passenger cabin there are different ways to
prevent fires. The most obvious one is to provide adequate detection and extinguishing
devices. The second way is to design in a fire-preventive manner. The third and most
challenging way is to be concerned with fire-resistant materials of the latest state
of the art. Although airplanes are designed and built by big airframe manufacturers
the airline engineers can take some influence on a fire-hard cabin. Aside from
continually requesting changes from aircraft manufacturers the engineers can force the
interior equipment vendors to use advanced techniques and materials. This, however,
requires a certain degree of know-how and the good intention to assist these vendors.

GENERAL

Before I begin with my report I want to point out one fact: as an airline man I cannot
present any latest scientific news, nor can I offer an outstanding know-how about
things like new technologies or advanced materials. The basic task of ar, airline
engineer is to keep the planes flying and thereby care for safe, punctual, economic
and - from the view of our passengers - most comfortable conditions. The only thing I
can present, is our way of undeistanding and realizing safety and our experience we
made with all resulting actions.

The most important aspect in air transportatien is of course safety, a part of which
again is fire safety. Fire safety can and must be approached in different ways. We
all remember that there have been very interesting measures such as tile development
of AHK (anti-misting kerosene) or the presentation of a water sprinkler installation.
There have been improvements in crew training and fire fighting techniques. There are
useful discussions about things like reduction of the quantity of newspapers on board
as well as restrictions of carrying duty free alcohol in the cabin. In this paper I
will restrict myself only to actual technical measures mainly in the passenger cabin.
In the technical field of cabin fire safety there are three ways:

- adequate fire detection and fighting provisions

- fire-sensitive design

- selection of fire resistent materials.

Although airplanes are designed and built by big airframe manufacturers the airline
engineers can take some influence on a fiae-hard cabin. To get some desired results
from the airframe manufacturers is not an easy task and the success is limited.
However, by continually requesting changes from aircraft manufacturers the engir,eers
can at least achieve some comprovises. A better situation exists on tie lFE (Buyer
Furnished Equipment) market: a strong airline can force the interior equipment vendors
to use advanced techniques and materials. This,however, requires a certain degree of
know-ho4 and the good intention to assist these vendors.

FIRE DETECTION

Let us begin with the detection. With the word "detection" we assume that there is a
relatively small fire at first which has to be detected and fought before it becomes
unmanagable. The typical case is an inflight fire. As a rule of thumb, any device
should be installed where the fire is likely to occur. Sources of fire are usually j
cigarette butts or failure of the electrical equipment. In tile cabin itself we can
live without technical systems, as the cabin is normally under control of tile cabin
crew and the passengers. A similar situation is in the galley areas; however this

L.2
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requires a continuous occupancy of the galleys - also during the time between the
service preparations. A watch has to be there because there is equipment like ovens,
coffee makers and hot jugs which can be a source f fire.

A more sensitive area are the lavatories; mainly because they "are hidden" places with
potential sources of fires: electrical components (flush motor) and smokers.
Therefore, it makes good sense to install a detection system. LI! decided for a smoke
warning system which warns by illumination of warning lights in the cabin and sound of
an acoustical sign.

FIRL FIGHTING EQUIPMENT

The most important fire fighting component is of course the fire extinguisher. LII uses
BCF-extinguishers (In the cabin 1.1 kg; in E&E compartments 2.5kg and HD Cargo
Compartments 7.5 kg). For instance, in our 747 we use 1 extinguisher in the cockpit, 1
on the upper deck and 10 on the main deck, i.e. 1 each at every cabin attendant
station.

There could be a dispute about the locationing in the cabin, because there are
arguments in favor of locations where fires are more likely to occur, for instance in
galleys. We believe in the importance of an easy reachability for a seated and belted
attendant and for an even and obvious distribation over the cabin. Moreover, our
location standard - which is valid for all types of our aircraft - makes sure that
different lavatory and galley locations and layouts do not affect the attendants*
orientation: the fire extinguisher can always be found on the lower outboard side of
an attendant seat.

Another area of concern is the type of the extinguishers. Although the FAA is going to
require also water type extinguishers our experts believe that the Ilalon extinguishers
are still superior, and this opinion is shared by airport authority firemen.

Automatic fire extinguishers are installed in the lavatory trash cans. |nwever, this
installation is usable only, if there is a scheduled check of these bottles. There
were some instances of bottles having been discharged without reason. We at Lufthansa
perform visual inspections for discoloration every B-Check and weigh the bottles at
every C-Check.

Although the fire extinguisher is the most important equipment for fire fighting there
are several other helpful devices:

- Crash axes serve to break-off blocked accessestheir handles are insulated
against high voltages.

- Crow bars serve to separate burning partitions and serve as lever-arms.

- Protective gloves are to take hold of hot or burning objects.

- Smoke goggles are worn in addition to Quick Donning Mask in case of smoke and gas
emission.

- For fire fighting in connection with heavy smoke emission we have portable oygen
equipment in connection with full face masks.

An item of discussions is the introduction of smoke hoods as standard passenger safety
equipment. Whereas smokehooO advocates suggest smokehoods to become mandatory (like
oxygen and life vests), we are not sure whether in the panic and confusion of a
real case the seeking and donning of the hoods and the confined visibility will
adversely affect the evacuation time. And still the discussion goes on what type of
equipment could be used: there is a variety from a real hood with breathable gas I
supply down to a mask with a small filter just covering eyes and nose. And the next
problem is: where can that equipment be stowed so that it is really and effectively
usable? The only answer can be: in the easy reach of the passenger and that means
either the armrest or the seatback, both of which are exposed to vandalism and are
space-limited. One can take measures against vandalism - but at the expense of quick
donning. One can reserve space in the seatback - but one has to compromise aginst
comfort and space claimed for other purposes, like oxygen equipment (DClO), seatback
video monitors or life vests.(There is a "stiff-back" vest under development which can
be put on much more easily than the present one and which fits only into the seat
back).
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A special case is the fire fighting in the cargo section of combi airplanes. Aside
from the selection and training of fire fighting crews we are evaluating the usage of
communication means like an integrated microphone-loudspeaker device, of protective
nomex suits and of improved illumination. Also the incorporation of
small flaps in container walls are being investigated which allow the depletion of
fire extiguishers into the container. However, all these means have to be considered
as preliminary, as we do not know yet what the FAA will exactly request for.

FIRE-SENSIBLE DESIGN

The best known example of fire retardant design is the sealing of the lavatory waste
compartments. Avoidance of gaps, self-closing flaps and other means of fire
containment will avoid fire from spreading out even in case there is no automatic
extinguisher or this extinguisher fails. Due to wear and tear a periodic inspection of
this area is necessary to ensure an equal quality of this condition.

Another example for a solution by design is the Airbus A310 floor panel which could
not be made from phenolic based material due to insufficient mechanical properties:
therefore epoxy was used and the panel wrapped by an aluminim layer.

Designing in a fireproof manner also means the prevention of dirt accumulation or
uncontrolled paper waste. We are for instance still concerned about the accumulation
of clothes and carpet residues in the air return grills, though in two burn tests this
material proved self-extinguishing. Despite these results we are requesting from the
airframe manufacturers that air return grills or other such openings must be designed
that way that there will be no accumulation of dirt oi that at least these spots shall
be easily cleanable by simple means like vacuum cleaning. "Easily cleanable" means
that nocomponent must be removed or disassembled.

Last not least the fire blocking of cushions can be seen under this category, but I
will come back to that subject a little bit later.

HATERIAL SELECTION

A new step towards more fire safety is the new rule, commonly known as the 100/100-
respectively 65/65 heat release rule with the new addition of a smoke emission limit.

For us at Lufthansa, this rule was of course new, but the approach was not. Years ago
we were confroteu wiih something similar, namely the ATSIO00.O01 of Airbus Industrie.
For us, the AASIO00 was a big step towards cabin safety. Thus, we introduced it into
our BFE requirements, even for Boeing and Douglas airplanes, at an early stage. We
exempted carpets and floor covering; in the first time, because there was no material
available - the ATS-carpets had all the tendency to shrink - , later on we learnt that
share of the floor coverings to unsurvivable conditions was neglectible. This has
been proved by the full scale fire test in Germany and - it you wish - by the
new rule which does not apply to carpets.

The new rule does also not apply to curtains, and maybe there are good reasons.
Hlowever, for my feeling, the Bunsen burner test is not sufficient. Consequently, we
have replaced Wool curtains by those of Trevira CS which melts away and thus gives no
fuel for a fire.

Let us come to the question: Ilow is the situation tegarding new fire-resistant
materials?

There a sandwich panels available which have average and peak heat release figures
betgen 20 and 40 kW which, in combination with special adhesives and LIIR (low heat
release) decor foils, still result in OSU testing values well below 65/65. These
materials are being used by our interior furniture vendors. Also the paint industry
can supply us with 65/65 material.

As far as thermoplasts are concerned, we have begun with the procurement of advanced
materials like polyetherimide and polyethersulfone beginning with smaller cabin
components like mini-containers and advertizing racks. Some concern constitute
the yellowish color of the "Ultem" material which excludes some desired appearances.
Furthermore, there is not yet enough knowledge about mechanical properties under
operation conditions and resistance against widely used cleaning agents. In this
connection, I may remind of the brittleness problems that occured when cleaning

r7
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polycarbonate surfaces. In any case: we still have to gain more experience.

A special case are passenger seats. Passenger seats are installed in a large quantity
in the cabin and can therefore contribute to a fire at a great extent. Beside the
cushions and fairings, which consist of an organic material, the seats themselves can
be made partly or in whole from composites instead of aluminum alloys. This can be
advantageous for weight and comfort, but can be seen negatively for smoke and gas
emission. I personally would hesitate to introduce such seats, although the
regulations exempt seats from heat release limits. But why may we carry tons of
plastic materials as seats whereas similar material as panels are not allowed?

By the way, we have some experience with all-composite seats (3 DCIO of our charter
subsidiary) and had to learn that after machanical failures bringing these seats to
the same strength as conventional seats the manufacturer had to add considerable
weight, so that this advantage had been nullified. But I agree that for some
components the new material is better.

One widely neglegted aspect is the repair process of new materials. In the beginning
of A310 operation the only means of quick repairing damaged panels was by laying up
epoxy resin patches. Very soon the question came up: to what extent can repairs like
that be done without interfering with the ATS1000? There was no answer available;
fortunately, one company came up with a quick repair kit, consisting of a Tedlar
covered glass phenolic laminate and heat activated adhesive, which we use very
frequently especially in cargo compartments, so that all panels even after a couple of
repairs still comply with the ATS. Our shop experts are additionally experimenting
with low-pressure phenolic processes, which have less limitations with respect to
the emission of phenolic and formaldehyde. As far as the heat release rule is
concerned we are logether with the industry investigating the possibilities of
economic repairs. We have tound out that using very low heat releasing foils on low
heat releasing sandwiches we can repair by just bonding another foil onto the damaged
existing one and still are below the limiting values.

One of the most spectacular and - in my opinion - most effective rule was the
requirement of seat cushion fireblocking. This change has been done in all our
airplanes , has been finished - yet we cannot lean back in our chairs feeling we have
completely performed our task. To begin with, our measures only make sense, if we
really consider the intent of the rule and not only the compliance with the kerosene
burner test. In a test series we initiated at Hoechst facilities, it was found out
that different materials, the test cushions of which resulted in similar weight
losses, behaved very different when tested in normal cushion size and shape. In other
words: test cushions of defined dimensions had weight losses less than 10 percent, but
normal cushions of the same material had losses up to 40 percent! Of course, we do
not accept cushions like that although we would comply with the regulation.

A question that is put again and again is: do we prefer a textile fireblocker around a
conventional foam cushion or a foam material which is fire retardant in itself? In my
opinion a textile cover is an interim solution until there is a really good foam on
the market. On one hand, a textile fire blocker needs more attention: the type of the
yarn, the position and kind of the seams influence the burn test results considerably.
The layer has to be checked frequently for wear caused by contact with hydrolocks,
belt attachments etc. Replacing a foam cushion needs special attention and probably
trained personel, which is higher on the payroll: if the fireblocking pocket is not
closed carefully and completely, the safety effect will be questionable. In the last
months we had a lot of collapsed cushions and we are presently trying to identify the
cause. Whether the build-up of an athmosphere of moisture under the layer in
connection with the pressure of the passenger's weight weakens the material (as one
cushion manufacturer ascertains) or the local thickness of the foam is insufficient
has not yet been determined.

Today there are a couple of foam products available which comply with FAR 25.853c. We
have been flying "hetzeler" foam for more than one year without greater problems; this
had been preceeded by two inflight tests of 3 months each, the second one of which
was successful. These tests are standard procedure at Lufthansa to make sure that the
comfort level is accepted by our passengers, that there is no early collapsing of the
foam and that the cushions withstand the handling by maintenance personell (e.g.
velcro must not be torn off). Despite of this good result, we prefer and expect the
development of fire retardant cold molded foam - the Metzeler foam is a cut foam -
because of easier dress-covering and lower price. Though there are some products onthe
market, we are not yet satisfied: one reason is the afore mentioned phenomenon that
the behavior of the original size cushions in the kerosene burner test is not
acceptable - at least for us. Another problem is still the relatively high weight.
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If we use a foam without fireblocker it is essential that a method is established that
guarantees the same material composition of each production batch as the test specimen
material. To cover possible tolerances we have specified a maximum weight loss of 8,5
percent.

Before I leave this subject, let me add two recommendations: firstly, for future
developments the FAA should think about modifying the rule and give more tolerance to
lightweight seat cushions. Light cushions are not only more economical, but also
constitute less fuel for fires. Unfortunately, lighter systems have less fire
resistance and thus tend to fail the kerosene burner test more likely, although they
might be better for the cabin fire safety. The second recommendation is: the kerosene
burner test is expensive, aside from the still bad corielation between tile various
laboratories. Could not it be possible to develop a secondary simple, small-scale test
method which can select between the "good" materials and the "bad" ones?

In the summary of my report I stressed the importance of influencing the manufacturers
towards a fireharder cabin. One kind of manufacturers is the airplane company, another
kind are the vendors of the buyer furnished equipment. Due to the close cooperation
between the AIA (Aerospace Industry Association) and the authorities the airplane
manufacturer is the first one to be familiarized with the authorities intentions, and
the way of information goes normally from the airframe manufacturer to the airline.
But sometimes that does not work as far as the haidware is concerned. Of course, the
frame manufacturer is interested to create a safe airplane; howevei he also has to
watch soaring costs, because the market usually does not permit to transfer all
these costs to the buyer. Furthermore, due to the size of the company the time
involved for changes is normally very long. Thus, there are cases, in which we have to
put some pressure on an airframe manufacturer. And we did so, in older to get 65/65-
material rather than 100/100 material as early as possible and well ahead of the
compliance date. If you think of the quantity of part numbers, now doubling into a
65/65 variant and a 100/100 variant for the same part, you will understand.
Unfoitunately, we were not very successful so that the results is a 100/100 SFE
cabin with 65/65 BFE installations - a situation that does not make us happy.

Before I continue, let me give a short explanation, how we at Lufthansa use to come to
our cabins. The airplanes we buy are usually empty: the cabin merely consists of floor
panels, sidewall- and ceiling panels, overhead bins and lavatories. All the rest has
to befurnished by ourselves. We have to buy from vaiious vendors and have to determine
how we want it. The approach can be made either, firstly, by designing the interior
components ourselves or, secondly, by specifying exactly what we want to get and to
leave the design work to the manufacturer or, thirdly, buy material as available and
as is. We have decided for the second way.

Tile veh:cle of the specification enables us to define exactly which state of the
material technology with regard of fire safety we request for, regardless of less
stringent rules. As an example I remind of the described processing of the Airbus
Industrie specification ATS 1000.

VENDOR SUPPORT

Let us come to the question: How can airline engineers help manufacturers?

The first and most important step is: to tell them exactly what the airline really
wants and what not. Surprisingly, the vendors often do not know the intentions of
their customers. I remember when one seat cushion producer came up with tile question
whether we would accept o in e fireproof side of the cushion - namely that one which
is located towards the kezosene burner. This would not only comply with the rule but
also save a lot of weight - we were told - and there would be representatives of some
other carriers who are at least wilting to think it over. Of course, this was not
accepted at all. However, I do not blame this manufacturer, because in the beginning
of the fireblocker activities there was a lot of uncertainty about how to comply
with tile new rule. So it was our turn to carefully explain what we expect from the new
material, how we rate safety versus price, weight. comfort and maintainability.

Similarly, when we extended the - at that time only at Airbus "ustomers well-known -
ATS 1000 to DClO-seats, tile US seat manufacturer could not believe that we willingly
added considerable costs for tile expensive polycarbonate in lieu of the cheaper ABS
and tried to convince us to follow the more "economical" solution. Today, it is a rare
exception if an airline accepts or even specifies ABS for seats. I may not exclude
that for future seats, we even go further and specify flammability requirements
achieved by materials like polyetherimude or polyethersulfone. although the
authorities possibly do not intend to impose further flammability rules on seats in
addition to the fireblocking requirement.
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Every now and then we conclude that our local manufacturers must get a Wider-spread
background and a "thrust of motivation". We then arrange meetings between them and
experts from industry or authorities. These meetings were in the past considered
successful, our vendors have learnt to understand the intention ("what is behind") of
rules or test procedures, the characteristics of advanced materials and so forth.

When the vendors have understood the intentions it is more easy to strictly fix the
requirements, maybe in extreme cases also on a "do-it-or-leave-it" basis. But
sometimes one has to extend his help. Let us take a relatively small component - e.g.
a time table rack - which shall be changed from polycarbonate to polyethersulfone. The
manufacturer needs just a couple of square meters of the new raw material - and will
not get it because of the small quantity. Thus, we as an airline have to purchase a
larger amount and distribute it to several component manufacturers - hoping that all
of them can use it and that all of them learn quickly how to work on it.

FINAL REMARK

Let me finish with an encouraging remark. During the recent years authorities and R &
D groups have come up with unusually many safety activities which, on the other band,
resulted in a lot of work and measures - sometimes also in confusion. But we all in
the aviation world live from safety, have our part in responsibility for our
passengers, our crews and for those who could be involved in incidents or accidents.
Thus, all upcoming activities in this field cannot be discouraging, but stimulating!

DISCUSSION

J. WYERS
Crew fire fighting equipment: the paper mentioned full

face masks and oxygen bottles were used. Is Luftansa not in
the process of converting all of these to the more modern
smoke protection equipment (PBE) as per FAA Action Notice 8150-
2 future TSO-116?

AUTHOR'S REPLY:
LII did decide on a choice of the newer PBE equipment but

there will be some delay in its application due to the fact
that no rule like A-8150-2 exists yet in Germany and LI1 wanted
to make sure that what they purchased was acceptable to local
authorities.
LII will now put the new chosen equipment aboard even before
the rule takes effect in Germany.

L.C. VIRR
Newly manufactured aircraft, past August 1988, have cabin

interior assemblies meeting Amt 25-61/66. This includes for
example bulkheads in Galley areas where the Tedlar decorative
finish is bonded to the substrate using a heat sensitive process.
In the event of such a panel being damaged in service,the panel
will need to be repaired to achieve a flammability standard
consistent with Amt 25-61. Should the airlines require the
aircraft manufacturers to provide approved repair schemes using
say contact or pressure sensitive adhesives which can be achieved
in situ.

AUTHOR'S REPLY:
As far as we know today, the application of an additional

LIIR decor foil adds appr. 15 kW to the lIp/ IIRR.
Consequently, we internally specify values well below 50, so
that we only add one repair foil. However, this value is
difficult to achieve on thin panels. Thus, locally, some repairs
might exceed 65/65. I think, that should be tolerated, because
the average NR/IIRR is still below 65/65. The extent of local
repairs acceptable should be defined in terms of square inches
or percentage. This applies to maintenance only. These repairs
should be replaced by permanent repairs at overhaul.

G.J. TREVOAR (Comment)
I appreciate your concern regarding the use of composites

for seat frames. However there is not much metal left in an
aircraft interior. Perhaps, we need to reassess the materials
scene and consider reverting to metals.
BAe would do their best to liaise with airlines that wished
to use improved materials in passenger cabins, as we would be
equally desirous of this aim.
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This paper discusses full-scale transport aircraft cabin fire tests conducted in the United
States under postcrash fire conditions. The logic behind the development of fire test scenarios is
described, including a comparison of fire involvement by external fuel fire penetration through an
opening or by fuselage burnthrough. Early full-scale tests in the 1960's and 1970's that furnished
data on the characteristics of cabin fires are briefly described. Past test activities addressing
facets of the fuselage burnthrough problem are also discussed. The impact of environmental factors
(such as wind, door opening configuration, and fuselage orientation) on fire penetration through
openings and the resulting cabin hazards is discussed on the basis of past test activities. The
majority of the data presented in the paper are from a recent full-scale test to determine
fire/hazard progression in a postcrash cabin fire environment with emphasis on post-flashover
conditions, to examine factors affecting occupant survivability, and to evaluate the performance of a
protective breathing equipment filter. The paper often discusses and cites past studies addressing
important cabin fire characteristics and concepts, such as flashover, stratification, and
survivability.

Full-scale fire tests are required in any credible activity to improve fire safety in a man-made
enclosure, whether that enclosure be a transportation vehicle, building or house. A full-scale fire
test may be defined as a realistic experiment, conducted at a 1:1 scale ratio between enclosure and
test article, to simulate a fire scenario that has occurred in the past or is likely to occur. The
essential elements of a full-scale fire test are a test article, an ignition source, instrumentation,
and a means of simulating and/or controlling ambient conditions or adjacent structures affecting the
test results (e.g., ventilation, wind, etc.). Although the test article, ignition source, and
ambient controls vary considerably depending on the specific type of enclosure being tested, the
instrumentation employed is fairly common for all applications. The purpose of the bulk of the
instrumentation is to record the life-threatening conditions created by the fire inside the enclosure
as a function of time in order to describe and understand the results of the experiment and allow for
the development of meaningful conclusions and recommendations. The environmental conditions often
monitored include temperature, heat flux. smoke density, and various gas concentrations, including
asphyxiants, irritants, carbon dioxide, and oxygen.

Why are full-scale fire tests important? Basically because full-scale fire tests furnish
extensive data that usually cannot be obtained in a reduced scale setting or by theoretical
calculations with the same degree of confidence with respect to the validity of the results. The
objective of a full-scale fire test is usually for one or more of the following reasons:

1. To characterize the fire environment in order to better define or understand the problem;

2. To evaluate or demonstrate the performance of a fire safety improvement (also may require
a baseline test to determine the degree of improvement or benefit);

3. To furnish data in support of studies to derive fire safety design requirements or to
determine the degree of correlation with small-scale test results or physical/theoretical
modeling predictions.

Perhaps the most difficult and expensive type of full-scale fire testing of a man-made enclosure
is the aircraft passenger cabin subjected to a postcrash fuel fire. Brieflv consider the size of an
aircraft cabin, the cost of interior furnishing materials, and the problems associated with employing
a large fuel fire as an ignition source. To properly simulate the geometry of a wide-body cabin for
fire testing, as representative of the larger commercial transports, requires a test article of 15-20
feet in diameter and a minimal length of approximately 100 feet. The cost of furnishing a
representative cabin section is enormous due to the quality and complexity of aircraft interior
materials; e.g., the cost of a "typical" sidewall composite panel is on the order of several thousand
dollars. Employing a fuel fire as an ignition source creates problems associated with flame control
if conducted outdoors and safety and pollution if done inside a building. Until the establishment of
a dedicated full-scale fire test facility at the Federal Aviation Administration (FAA) Technical
Center in 1980, the number of full-scale aircraft fire tests and the application of the results as a
basis for design improvements was rather limited.I ___ _________________________
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AI1CRAFF FIRE S(DIARIOS

Fire fatalities in transport aircraft accidents occur either as the result of fire developing
in-flight or as a consequence of crash fire. Until recent years, the FAA research, engineering and
development (R, E & D) program to improve cabin fire safety has mainly focused on the postcrash fire
problem, simply because all fire fatalities involving United States carriers over the past 15 years
have resulted from postcrash fire. This paper will concentrate on full-scale fire tests under post-
crash fire conditions.

Fatal in-flight fires occur far less frequently than postcrash fires. However, a number of
catastrophic in-flight fires have occurred in United States built aircraft operated by foreign
carriers; e.g., Varig (1973), Saudia (1980), and Air Canada (1983). A common characteristic of these
accidents and fatal in-flight fires, in general, is that the origin of the fire was in a hidden or
inaccessible area. In recent years, FAA has placed greater stress on in-flight fire safety as
evidenced by current R, B & D activities dealing with hidden fire protection, enhanced emergency
smoke venting, a computerized fire detection/advisory system, and electrical wiring arc tracking
characteristics (1).

Postcrash fires are usually initiated by the ignition of jet fuel released by parts of the fuel
system damaged by the crash. One may expect that the-intensity of the fuel fire and potential fuel
fire hazards to aircraft occupants will increase as the severity of the crash increases. In this
regard, Horeff has ranked six classes of postcrash fire for hazard severity, based on assessment of
the likelihood of impact survivability (ability to survive crashtrauma) and the number of
occurrences in actual aircraft accident experience (2). For example, the most severe case was major
fuel spill fires due to wing/partial wing separation and the least severe case was non-fuel spill
fires due to ignition by friction. Because of the potential severe fuel fire hazards in accidents
with major fuel spillage, FAA has supported R, E & D programs for anti-misting kerosene and fuel
system crashworthiness that aim at minimizing or eliminating the fuel fire hazard. However,
irrespective of the likelihood of success of these inherently complex concepts, other factors in the
postcrash fire scenario may be of greater importance than the intensity of the fuel fire is to
occupant survival. One such important factor is the integrity 'of the fuselage in that area which is
adjacent to the fuel fire. Two conditions are possible: () a crash rupture or emergency exit
opening, or (2) an intact fuselage. Based on a consideration of past accidents, experimental
studies, and fuselage design, it is apparent that a fuselage rupture or opening represents the worst
case condition and provides the most significant opportunity for fire to enter the cabin. By
contrast, ignition and significant involvement of the cabin interior materials by the burnthrough
mode is expected much later in time than when direct fire penetration through an opening occurs.

Because fatal aircraft accidents involving fire are fairly infrequent and dissimilar to one
another, it becomes difficult to describe a "typical" accident. However, one can hypothesize a
realistic accident scenario where burning interior materials control the probability of escape. In
order to be representative of past accidents, the fire originates as a pool of burning fuel, adjacent
and external to the fuselage. The fuel fire must be relatively large, perhaps on the order of 50-100
square feet, in order to be realistic. If the primary concern is with the dangers of burning
interior materials, the fuel fire by itself must not preclude escape. Therefore, the fuselage must
be relatively intact along the length adjacent to the fuel fire to prevent direct exposure of
escaping occupants. An opening in the fuselage the size of an emergency exit door allows for the
ignition of cabin interior materials by the adjacent fuel fire. In order to evaluate the role and
performance of interior materials, ambient conditions surrounding the fuselage are selected to
prevent or minimize combustion products generated by the fuel fire from entering the cabin. The fire
scenario described above was developed by FAA for utilization with a C-133 wide-body test article to
evaluate cabin interior materials (3). Full-scale fire test series were conducted to evaluate the
effectiveness of seat cushion fire blocking layers (4) and fireworthy interior composite panels (5),
and to develop low heat release test requirements for interior panels (6). The test results were
invaluable in the development of improved laboratory fire test standards issued in recent years by
FAA for seat cushions (7) and interior panels (8,9).

As briefly discussed earlier, ignition of interior materials by an external fuel fire by the
mode of fuselage burnthrough is expected to occur much later in time than when fuel fire penetracion
occurs directly through a fuselage opening. This clearly appears to be the case for wide-body
transports; e.g., B-747, I-10, and L-1O11. The fuselage walls of these aircraft (comprised of
aluminum skin and heavy structural elements, a thick blanket of thermal-acoustical insulation, and a
honeycomb composite interior panel) are an effective fire barrier and will resist burnthrough for
several minutes. The burnthrough resistance of a wide-body fuselage was evidenced during the
Continental I-10 accident at Los Angeles in 1978 (10). In this accident a large fuel fire burned
for 2 to 3 minutes before extinguishment by the crash fire rescue service. Over this interval the
cabin furnishings were spared of fire although windows showed evidence of melting and interior panel
seams were slightly heat/flame damaged. It is likely that had the fire burned longer the initial
sustained flame penetration would have been through the windows. For standard body aircraft (e.g.,
B-727, B-737, iX-9, etc.) it is expected that fuselage burnthrough may occur earlier because of the
presence of aluminum sidewall panels in many of these airplanes. Aluminur. sheet is far less
burnthrough resistant than honeycomb composite panels. However, reported accident findings do not
present a consistent behavior. In the B-737 accident at Calgary in 1984, fire erupted due to failure
of the left engine and ignition of fuel released from the damaged nearby fuel tank (10). Fire was
observed immediately when the engine failed and intensified as the airplane was gradually brought to
a halt almost 2 minutes later. Yet, the 119 passengers and crewaembers were able to evacuate in en
estimated 2-3 minutes, although portions of the cabin filled quickly with smoke when exits were
opened and windows melted through somewhat shortly after evacuation commenced. Fire penetration,
initially through melted windows and later through the separated aft section, the latter which
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reportedly occurred after completion of evacuation caused the interior to be eventually gutted. By
contrast, in the B-737 accident at Manchester in 1985, which had a similar fire scenario as the
Calgary accident, 55 occupants perished primarily, from inhalation of toxic gases from the cabinfire.
At Manchester,it is believed-that fire penetrated into the cabin very quickly by melting through the
lower fuselage skin and entering by way of.the baseboard air return grills. Wind conditions
reportedly caused the flames to be drawn into the, cabin. Also of relevance to fuselage burnthrough
resistance is a 727 ramp fire at Anchorage- in 1987. A large fuel fire erupted on the ground adjacent
to this airplane when it was inadvertently towed into a loading walkway, causing a fuel tank to be
punctured and fuel spillage. Although a large portion of the fuselage skin was melted away, fire did
not spread intothe cabin. In this incident, the 727 fuselage acted as an effective fire barrier and
prevented fire penetration into the cabin.

EARLY IRL-SCZAL FIRE TES S

The earliest full-scale aircraft fire tests provided a foundation for the development of a
permanent full-scale test capability at the FAA Technical Center. The following is a brief
description of these early tests and some significant results.

The first FAA aircraft fire tests were performed in the early 1960's in five C-97 aircraft under
similar postcrash fire conditions (11). The tests were unique to this day in that jet fuel was
continuously poured fore and aft of the wing on each side of the C-97, resulting in a fire which grew
in size. Since the main objectives were to examine the capabilities of helicopter downwash and
ground fire-fighting equipment in postcrash fire rescue operations, the aircraft was void of interior
materials. A major conclusion of-relevance to this paper was that "the fuselage broken open from
impact or with openings next to fire areas offers a much more hazardous condition than the relatively
closed fuselage."

FAA's first airplane fire tests to examine the combustion characteristics of cabin materials
were conducted in the mid-1960's in a DC-7 fuselage (12). In situ fire tests at different cabin
locations determined the relative ease with which the various materials would ignite and burn. In
the last two tests the fire was allowed to burn out of control. Both tests culminated in a flash
fire which grew from a relatively small fire that appeared harmless. The flash fire propagated at a
calculated rate of 68 feet per minute. Up to the time of the sudden occurrence of the flash fire,
ambient temperature and carbon monoxide concentration inside the cabin continued to remain low
compared to human survival limits.

The Air Line Pilots Association (ALPA) conducted to tests in 1966 to determine if survival time
could be extended during a cabin fire by using high expansion foam to completely fill the occapied
portions of the cabin interior (13). The test articles were AJ-2P patrol bombers, fitted with a
cabin mockup section almost 15 feet long. The fire source was 20 gallons of jet fuel placed in a 3-
foot by 5-foot pan adjacent to the fuselage on the upwind-side. Although the second test revealed
serious drawbacks with the high expansion foam system, the first test provided useful baseline data.
It was determined that the initial burnthrough of the 0.035-inch skin occurred at 1:03, which is
somewhat longer but consistent with aluminum skin melting times measured in full-scale tests by Geyer
using much larger fuel fires (14). Cabin light transmission measurements indicated "extreme
stratification of smoke density" throughout the test and sudden cabin flashover at 7:40; both
phenomena have been consistently observed in FAA full-scale fire tests in the C-133 wide-body test
article.

In 1967-68, the Aerospace Industries Association (AIA) conducted an extensive Crashworthiness
Development Program to find ways to increase passenger survivability following an aircraft accident
(15). One aspect of the program was to examine the increase in postcrash fire survivability provided
by improved cabin materials. The aft 24 feet of a 727 fuselage was subjected to a 30- by 30-inch
fuel fire inserted halfway into a 3-square-foot opening in the fuselage, simulating a crash rupture.
The AIA tests were conducted outdoors, as were the earlier full-scale tests described previously,
which caused changes in the fuel fire behavior between tests due to differences in ambient wind
conditions. A wind barrier surrounding the fuel pan was ineffective in providing a repeatable fire
condition. The main concern was whether the ambient winds would force fuel flames to penetrate into
the fuselage opening, and whether the degree of flame penetration would be reasonably invariant over
the test duration and consistentbetween tests. The degree of flame penetration into the cabin and
the resulting level of heat/flame exposure of interior materials has a significant effect on the rate
of fire spread in the cabin. Isolation from fluctuating ambient wind codiitions was a prime
consideration in the decision by FAA to establish a permanent full-scale fire test facility.

Notwithstanding the problems associated with fluctuating winds, the AIA tests produced a number
of important findings. Again, as observed in tests by other organizations, flashover and
stratification were dominant characteristics. Also, when the fuselage was furnished with present in-
service materials, flashover occurred earlier and when ceiling temperatures were lower as compared to
the tests with improved materials.

In the early 1970's the National Aeronautics and Space Administration (NASA) ran tests in a 15-
foot 737 fuselage section to examine the benefits of advanced fire resistant materials developed by
the space program (16,1?). To circumvent-the outdoor problems associated with variable winds, the
737 test article was closed and a fan was employed to provide a longitudinal air flow. The ignition
source was a 1- by 1-foot pan containing one quart of jet fuel placed beneath an outboard seat. The
reduction in cabin visibility caused by the smoke produced by the burning fuel was significant and
surprising, considering the relatively small quantity used. The results indicated that the advanced
materials decomposed rather than ignited when subjected to the small ignition source, they did not
support fire propagation, and they did not produce a flash fire (17).Iit !
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Over the past 20 years, a number of test activities have addressed facets of the fuselage
burnthrough problem. However, because'none of these activities dealt with the problem in a
comprehensive manner, the FAA recently initiated a test program, as outlined later, to attempt to
determine the mechanism and time framework for fire penetration into a cabin and ignition of interior
materials. The following is a brief description of past studies related to fuselage burnthrough.

Geyer subjected aluminum.sheets, mounted to a stainless-steel-covered 707 fuselage, to an
adjacent 2500-square-foot fuel fire and recorded the increase in skin temperature as a function of
time (14). Two types of alloys and four skin thicknesses (0.016, 0.020, 0.040, and 0.090 inch) were
tested. The large fire pit provided relatively complete fire envelopment of the fuselage and maximum
fire exposure. In conjunction with the experimental effort, a mathematical model was formulated
which permits calculation of the tempirature increasii with time of the aluminum skin of an aircraft
fuselage when exposed to fire (18). The model considers the aircraft skin backed by a layer of
thermal-acoustical insulation and takes into account heat gain by radiation and convection and heat
loss by radiation and conduction. Reasonably good agreement was obtained between the experimental
anti theoretical temperature-time profiles (14), illustrating that the mathematical model may be used
as a predictive tool. As an example, the model predicted that a 0.040-inch aluminum alloy sheet
under maximum fuel fire exposure would melt in 30 seconds, assuming the melting temperature of
aluminum alloy at, 1200 OF. Another test series employing 300-square-foot fire pits at three
different distances from the test article exhibited slower temperature rises of the aircraft skin,
which resulted from the different fire pit locations and the poor fire coverage caused by variable
wind conditions on'the relatively narrow fires (30 feet long by 10 feet deep). Thus, careful
consideration must be given to fuel fire size, distance of fuel fire from fuselage, ambient wind
conditions, and possibly other factors when attempting to apply the mathematical model to analyze the
outcome of an actual aircraft accident.

Sarkos exposed a 28-foot titanium fuselage to a 400-square-foot fuel fire to determine the
improvement in cabin conditions resulting from a burnthrough-proof fuselage (19). Not surprisingly,
a flash fire occurred at 1:55, attributed to the ignition of combustible pyrolysis gases from room
temperature vulcanizing (RTV) silicone pressure sealant, used extensively on the titanium skin, and
from the silicone binder employed in the thermal-acoustical insulation. Small-scale fire tests with
2-foot-square panels, matching the cross-section of the titanium fuselage, corroborated the role of
the silicone sealant and binder in creating a flaming ignition source and combustible gases that
could yield a flash fire (20). The titanium fuselage test results illustrated the potential
pyrolysis and ignition of materials adjacent to fire barriers at elevated temperature.

NASA demonstrated the ability of a passenger cabin surrounded by a burnthrough-resistant shell
to protect passengers over a prolonged period from a severe external fuel fire (21). Basically, the
protective shell consisted of a 2 1/2-inch layer of isocyanurate foam, an ablative foam that converts
to a stable char when subjected to heat. To prove the concepti a C-47 fuselage section was divided
into two compartments, with one compartment essentially protected with the isocyanurate foam attached
to the inner fuselage skin and the other compartment fitted with typical aircraft insulation, and
surrounded by a massive fuel fire (S00 gallons). The results indicated that the unprotected
compartment was destroyed in about 2 minutes, while the protected section remained largely intact and
provided a sorvivable environment for about 12 minutes. The test was regarded as a first step,
recognizing that many problems, such as window protection, weight penalty, and various installation
and service considerations, would have to be solved before such a system could be considered.

As discussed earlier, the best information available indicates that in at least two aircraft
postcrash fire accidents (DC-10, Los Angeles, 1978 and B-737, Calgary, 1984) the initial or incipient
burnthrough of the fuselage was through the windows. A contemporary window system consists of an
outer pressure-holding pane and an inner fail-safe pane, both constructed of stretched acrylic, and a
thin anacoustic pane attached to the interior panel, constructed of polycarbonate or cast acrylic.
It has been observed during experiments that window failure occurs when the stretched acrylic panels
shrink and fall out, allowing the fuel fire flames to penetrate into the cabin through the window
opening.

NASA has developed a high-char-yield epoxy trimethoxyboroxine transparency that resists
burnthrough (22). After an analysis of various options, it was decided that the most practical way
to use the epoxy window as a fire barrier in a contemporary window system was as the inner fail-safe
pane. To determine the improvement in burnthrough resistance provided by a window system containing
an epoxy inner pane, a series of four tests were conducted by FAA in the C-133 wide-body test article
(23). In each test the behavior of the acrylic and epoxy window systems were evaluated side by side,
mounted on a DC-10 fuselage skin section, when subjected to an 8- by 10-foot fuel fire. The main
difference between each test was in the type of insulation and sidewall materials mounted on the
cabin side of the test section. It was determined that, on the average, the contemporary acrylic
window system failed in about 3 minutes, whereas the improved epoxy window system provided about 1
minute of additional protection. This approach was not pursued further when it was established that
the epoxy pane did not exhibit adequate impact resistance to suggest its used as a replacement for
stretched acrylic.

The conventional fiberglass insulation and honeycomb composite sidewall panels in contemporary
commercial airplanes provide some degree of resistance against burnthrough and ignition of interior
materials by a fuel fire. This was clearly evidenced in the DC-1O accident (Los Angeles, 1978) and
the 727 incident (Anchorage, 1987) where major portions of the aluminum skin were melted away but the
cabin interior was not set afire before extinguishment of the external fuel fire. To better
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understand and quantitate the fuselage burnthrough problem, FAA is conducting a full-scale test
program using surplus aircraft fuselages subjected to a 400-square-foot fuel fire. Basically, the
fuel fire is set adjacent to an intact fuselage section instrumented with thermocouples, heat flux
transducers, and cameras to attempt to determine penetration locations, firepaths, and important
event times. The last of three tests was completed in a compartmentalized test article in a wheels-
up configuration; i.e., test article resting on ground. The preliminary findings are as follows:

1. The aluminum fuselage skin melted in about 1 minute.

2. The fiberglass insulation acted as a fire barrier in areas where the fuselage skin melted
away and prevented any heat damage to the sidewall panels.

3. Earliest penetration of small flame into the fuselage was at door edge areas (however, no
sustained burning was observed).

4. Smoke obscuration inside the cabin, apparently due to pyrolysis of materials adjacent to the
heated fuselage, occurs much earlier than significant flame penetration.

Currently, preparation for an additional series of tests with the landing gear deployed is under
way with completion planned by spring 1989.

IOL FIRE DPACr ON AIRMRFUS ELAGE

Consider the condition of a large external fuel fire adjacent to a fuselage opening. For the
case of minimal flame entry into the opening, the primary impact of the fuel fire on the fuselage
interior is high levels of radiant heating confined to the immediate vicinity of the fuselage
opening. Experimental and theoretical studies have analyzed this case for a Type A door opening in
the fuselage. Using various diameter fuselage models and pool fire sizes, the maximum thermal
radiation through the opening was established (24). A maximum value of 1.8 Btu/ft2-sec was measured
at the fuselage symmetry plane at an elevation of one-half the door height. By treating the fuel
fire as a radiating body at 1874 OF, the theoretical thermal radiation profiles inside the fuselage
were computed (24) and are shown in figure 1. For example, thermal radiation to the floor varies
from 14 Btu/ft4-sec at the door to near zero at the symmetry plane, indicating the magnitude of the
extreme gradients in radiant heating. Therefore, because of the fire resistance of aircraft interior
materials, under the conditions of minimal flame entry into the fuselage opening, the fire will be
confined for a period of time predominantly to those materials immediately adjacent to the fuselage
opening. Also, very little of the thermal radiation from the fuel fire is directly absorbed by the
cabin air.

The factors that greatly affect the case of flame entry into the fuselage opening are wind
conditions, door opening configuration, and fuselage orientation. The worst case is when the fuel
fire is upwind of the fuselage and there are openings on the downwind side of the fuselage. In this
case, full-scale tests in a IC-7 fuselage (25) and 1/4-scale model tests (26) have shown a rapid
development of nonsurvivable thermal conditions within the fuselage. The results were due entirely
to the fuel fire effects since both test articles were devoid of interior materials. On the other
hand, if no downwind doors are open, but instead there are additional doors open on the upwind side
but not exposed to the fire, the hazard development in the cabin will be greatly retarded. The
results of full-scale tests (25) for these two cases are shown in figure 2. Also shown is the case
with all doors closed, which matches the upwind-door-only-open case until the absence of ventilation
through a door opening causes the temperature to increase at a faster rate. Another case is when the
pool fire is downwind of the fuselage. For this scenario the hazard development within the cabin
will be primarily from radiation in a manner similar to the pattern described in figure 1.

In order to examine survivability when wind conditions cause significant flame penetration into
the fuselage, a number of tests were conducted in the C-133 test article without interior materials
(27). The tests were conducted outdoors and under wind conditions that forced the fuel fire flame
into the test article. Two doors were employed, one adjacent to the fuel fire and the other 60 feet
away on the same side of the fuselage. Generally, the fuel fire hazards inside the fuselage
accumulated more rapidly as the wind speed-increased. On the basis of measurements taken at a height
of 5 feet 6 inches, and at a location 30 feet away from the fire, it was concluded that both elevated
temperature and smoke obscuration were greater deterrents to survivability than was carbon monoxide.
At this measurement location, the concentration of carbon monoxide never reached 100 ppm under severe
wind conditions that caused temperatures to exceed human survival limits and smoke to totally obscure
visibility. Thus, it appears that for those accident scenarios in which fuel fire hazards are
injected into the cabin, the main early threat to occupants, before burning interior materials become
a factor, will be elevated temperatures and reduced visibility from smoke.

P0STOM CABIN FIRE IIARACTERISTICS

The cabin hazard characteristics of a postcrash fire dominated by burning interior materials in
a wide-body aircraft have been reported previously using a C-133 test article (3,4,5,6). A realistic
scenario was conceived and developed, consisting of an intact fuselage with an opening adjacent to an
external fuel fire under quiescent wind conditions, that creates cabin conditions in which,
survivability is controlled by burning materials and not by burning jet fuel (3). The remainder of
this paper describes a recent and final C-133 test, employing more extensive cabin furnishings and
interior panels, to examine several aspects of postcrash fire survivability not heretofore studied.
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Objectives: The objectives of the test were as follows:
1. Determine fire/hazard progression in postcrash fire environment with emphasis on post-

flashover conditions.

2. Examine factors affecting survivability.

3. Evaluate performance of "generic" protective breathing equipment (PBE) filter.

E erimental Aproach: The overall, experimental arrangement is shown in figure 3. The forward
cabin was completely furnished over a length of 45 feet, in contrast to previous tests where only a
small section surrounding the fire door was furnished with up to three rows ofrseats. In this test
there were 14 rows of seats, in a double-triple-double seating configuration, and a single triple
seat in front of the galley, for a total of 101 seats. Surplus aircraft seats protected with fire
blocking layers-were used. The carpet was 90/10 wool/nylon. The sidewalls and stowage bins were
surplus assemblies constructed of epoxy-fiberglass~honeycomb panels. The ceiling was composed of
flat sheets of epoxy-fiberglass and epoxy-Kevlar7

M 
honeycomb panels.

There were a number of other features that differed from past tests. The test was conducted for
12 minutes, as compared to 1-5 minutes in previous tests that were terminated shortly after
flashover, in order to examine post-flashover survivability. The ceramic insulation that protected
the fuselage roof in the vicinity of the fire door was removed to allow for possible fire burnout in
this area with potential venting consequences on the cabin environment. Finally, to enhance realism
a small number of carry-ons were placed in stowage bins and beneath seats.

Instrumentation generally consisted of temperature and heat flux sensors in the forward,
furnished cabin and gas, smoke, and temperatute collection/measuring devices in the rear, unfurnished
cabin. The instrumentation has been described previously (3,4). An interesting refinement for this
test was a gas sampling line switching arrangement for the continuous analyzers (CO, C02 and 02) at
stations 650 and 880 that allowed for changing to a lower sampling location when the analyzer became
saturated. PBE filter performance in terms of possible clogging and gas removal (primarily CO) was
also measured in the rear cabin. Filter clogging was determined by measuring the pressure drop
across six filters at low, medium and high air flow rates at two elevations located slightly aft of
the galley (28). Gas removal effectiveness was determined by mounting a filter on a box connected to
a breathing machine and continuously measuring the concentrations of CO, C02 and 02 inside the box
(29). The box represented the air space inside a smoke hood when donned by an individual.

Test Results: To summarize, survivability was dominated by cabin flashover and extreme fire
hazard gradients such that the fire hazards decreased fore to aft and from ceiling to floor.
Furnishing the test section more extensively with interior materials had no observable effect on the
outcome; i.e., the fire characteristics were similar to previous tests. Over the 12-minute test
duration the cabin fire did not burn through the fuselage roof area where the ceramic insulation had
been removed. Intense cabin flaming, triggered by the flashover, persisted for about 1 minute and
appeared to self-extinguish when oxygen levels diminished substantially. The most notable
observations after the test were that the entire ceiling was consumed by fire, as were the outboard
seats in the imediate vicinity of the fire door. For the remaining seats the most striking
observation was that the dress cover of the seat back cushion was largely burned away but that the
fire-blocked foam was still present.

The thermal characteristics of the flashover were measured by thermocouples placed slightly
above the center seat top at rows 5, 7, 9 and 15 (row 4 was at the fire door). As shown in figure 4,
it appears as if the onset of flashover occurred at 210 seconds and, based on the separation between
the rising portion.of the profiles, propagated at about 60 feet per minute, or at a rate of one seat
row about every 3 seconds. Before flashover, the seat top temperature was near ambient value. The
flashover caused peak temperatures of 1600 OF to 1900 OF. The'trailing edge of the profile indicates
self-extinguishment of the cabin fire and gradual cooling of the interior.

The intensity and duration of flaming combustion in the upper cabin caused by flashover was
measured by total heat flux transducers, located at the center seat top of rows 1, 4 and 13, pointing
toward the ceiling (figure 5). The data indicate that total cabin fire involvement continued for
approximately I minute and that the intensity was considerably greater near the fire door but tapered
off toward the front and rear of the furnished cabin.

Pronounced stratification of cabin fire hazards was evidenced by measurements and visual
observation. Even on the symetry plane at station 880, in the aft cabin across from the exit door
opening, the temperature varied considerably from floor to ceiling (figure 6). For example, the peak
temperature at the ceiling exceeded 900 OF, while at one foot above the floor the temperature was
about 12S OF. Heat stratification occurred before and after flashover.

Based on light transmissometer measurements on the synetry plane at station 880, at elevations
of 5 feet 6 inches, 3 feet 6 inches, and I foot 6 inches, the sudden reduction in visibility caused
by smoke created by the flashover was evidenced (figure 7). The data indicate that the smoke
descended downward at a rate of 8 feet per minute and, at a given elevation, the percentage light
transmission from smoke accumulation changed from 100 to zero in 15 seconds. Visibility,reduction
due to smoke preceded in time any apparent impairment to occupants from elevated temperature or toxic
gases.

_ _

I2. '
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Gas concentration profiles on the symmetry plane at station 880, at elevations of S feet 6
inches, 3 feet 6 inches, and 1 foot 6 inches, are plotted for C02, 02 and CO in figures 8, 9 and 10,
respectively. As discussed earlier, the data are in segments because the gas analyzers were switched
to sampling lines located lower in the cabin when the readings saturated. Analysis and comparison of
the graphs indicate a rapid increase in 02 and CO concentrations and a corresponding reduction in 0
concentration because of flashover in the forward cabin. Significant stratification of all three
gases was evident throughout the test. Gas concentrations and 02 depletion were extremely high in
more than half of the upper cabin. Only in the lower several feet of the cabin were the
concentrations low enough to perhaps allow for escape over a short period of time. In the lower
cabin the primary threat to survival appears to be CO, due to the relatively high 02 concentrations
and moderate temperature rise.

Hydrogen fluoride (HF) and hydrogen chloride (1l) profiles at station 880, at 5 feet 6 inches
and 1 foot 6 inches, are shown in figure 11. The trends are very similar for these water-soluble
acid gases as exhibited by the dry gases CO and C02 ; i.e., the acid gases were generated as a result
of flashover and the acid gases are also significantly stratified.

At station 880 the temperature profiles shown in figure 6 were analyzed to determine the thermal
threat to survivability. The fractional effective dose (FED) concept introduced previously (3) was
employed to compute whether incapacitation would occur as a result of elevated temperatures. The
thermal FED profiles shown in figure 12 indicate that at 4 feet and below, survival may be possible
from the thermal threat alone. To generalize, the temperature measurements taken throughout the
cabin indicate that the thermal threat decreases the farther away you are from the fire and the
closer you are to the floor.

The cabin hazards data suggest that survival may be possible in a post-flashover environment
near the floor in a crawling position and close to an exit door opening where fresh outside air is
entering the cabin. To examine this hypothesis, 0 and 02 concentration measurements were taken just
inboard of the aft exit door opening at an elevation of 1 foot 6 inches (figure 13). The fluctuating
nature of the curves suggests a delicate exchange at this location between combustion gas exhaust and
fresh air intake. An FED analysis of the O profile indicates that incapacitation would occur at
about 560 seconds, assuming a negligible effect from the lowered oxygen concentration (approximately
18 percent), any other toxic gases, and any elevated temperatures. This time of incapacitation is
about 6 minutes after the onset of flashover. One may conclude that there is a survival zone
surrounding an exit door opening wherein survival is possible in a crawling position for several
minutes in a post-flashover cabin environment.

The function of a PBE filter is to remove toxic gases and smoke particulates from a combustion
environment in order to furnish breathable air to the wearer. One potential problem is clogging from
massive deposition of smoke particulates. To examine this effect the pressure drop was measured
across filters drawing air at three different flow rates, representative of a range of inhalation
rates, placed at 5 feet 6 inches and 3 feet 6 inches, at station 880. As shown in figure 14, a rapid
increase in pressure drop occurred immediately following flashover because of the high loading of
smoke particulates. However, the results are inconclusive since the pressure gauges could not be
read after the initial increase because of smoke obscuration. Nevertheless, the data indicate a
potential problem that requires further study.

The other aspect of PBE filter performance examined was effectiveness in removal of COD, which is
generally considered the most hazardous toxic gas produced by a fire. Figure 15 presents the results
with the breathing machine/box arrangement briefly discussed earlier (28). The high concentrations
of CO measured downstream of the filter indicate that the filter was apparently saturated by the
extremely high concentrations of CO produced by cabin flashover, allowing large quantities of CO to
pass through. Thus, the particular filter evaluated appears unable to cope with the high levels of
00 produced by flashover. hether PBE, in general, can and should be effective in a post-flashover
cabin environment is a broader issue that needs to be addressed.

Another recognized problem with filter-type PBE is that this type of equipment was not designed
for use in a fire environment with oxygen depletion. Measurements of 02 downstream of the filter
with the breathing machine/box arrangement illustrate the obvious; i.e., oxygen depletion in the
cabin environment will be experienced downstream of the filter, but only after a lag time of 30-60
seconds, caused apparently by the effects of the initial volume of fresh air beneath the PBE hood and
the 02 concentration in exhaled air.

ADDITIONAL WOK

Full-scale tests provide the essential data needed to understand the characteristics of
postcrash cabin fires. Current FAA test activities will broaden this data base and, hopefully,
improve our understanding of the postcrash fire environment. As summarized in the paper, full-scale
tests are being conducted to determine the mechanisms and time framework for fuselage burnthrough by
an external fuel fire. A new, comprehensive full-,scale test activity is also underway to evaluate
the effectiveness of an onboard cabin water mist fire suppression system. Tests are planned in both
standard-body and wide-body test articles. Fire scenarios will include an external fire adjacent to
a fuselage opening, as studied previously by FAA, and a new scenario consisting of cabin fire
penetration by floor burnthrough. Wind will be simulated and varied for each scenarios. Thus, the
water mist test program will provide data comparisons that have received little attention in thepast; i.e., the effects of fuselage volume (standard- esswd-oycbn n ieseai(immediate versus delayed flame penetration, quiescent versus finite wind).
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DISCUSSION

H. DE LA PENA
What is the FAA view on the mandatory provision of passenger

smoke protection hoods as we the industry have proved that they
can be made to meet most performance requirements.

AUTHOR's REPLY:
The FAA supports the CAA decision, announced in december

1987, that passenger smoke hoods should not be mandated for
the airlines. Although smoke hoods can or will be designed to
meet specific standards, my belief is that more work needs to
be done to study scenarios where the availability of smoke hoods
may possibly become a safety hazard rather than a safety benefit.

E.R. GALEA
Bearing in mind the detailed informations required by field

modellers in order to validate their models, can you provide
them and if not do you have future plans to do so.

AUTHOR's REPLY:
As discussed in the paper, full-scale fire tests may be

conducted to validate fire models. Usually, the purpose is to
evaluate under realistic fire conditions the effectiveness of
a fire safety concept. We have the capability of recording over
100 channels of data, including heat flux, temperature, smoke
density, and various gas concentrations as a function of time
at different cabin locations. In the near future we may be able
to conduct a test with a steady-state fuel fire in order to
assist you in validating your model.

K.W. SMITH
Is it possible to conduct future experiments with known

and controllable winds generated, say by wind machines.

AUTHOR's REPLY:
We have conducted experiments in the past, referenced in

the paper, using a DC-7 fuselage and with -scale models, to
examine the effect of wind and door openings on fuel fire
penetration into a fuselage door opening. The few slides I showed
at the end of my presentation were from a current activity to
study fuselage burnthrough by an external fuel fire. Wind caused
a more severe fire and higher skin heating conditions when the
test article was above the ground (landing gear extended) than
during tests with the test article resting on the ground
(collapsed landing gear). I believe to properly account for
the effects of wind on an airplane fire there are two options:
I/ conduct full-scale tests outdoors and make best with the
variable wina, and 2/ use a realistic model and large enough
fan to create steady airflow over the entire model. A third
option may be to study the problem with a 3-D mathematical field
model to compute aerothermodynamic conditions.

A.F. TAYLOR
Does your definition of flashover include flash ignitions,

or do you agree that flash over is inevitable?

AUTHOR's REPLY:
The flashover observed in full-scale tests does contain

flash ignitions of combustible gases accumulated in the ceiling
smoke layer. At Manchester the scenario was markedly different
at least in the follow ways: I/early accumulation of thick black
fuel smoke, 2/ 3 exit openings were employed, 3/the fire burned
through the fuselage into the cabin and 4/the rear fuselage
section dropped causing a large circumferential break. Conditions
(2),(3) and (4) would tend to delay the onset of flashover.
It is not clear to me how the presence of fuel smoke at the
ceiling effects flashover. Although the Manchester accident
report concluded that a fully-developed flashover did not occur,
the burn damage to the Manchester 737 interior is strikingly
similar to a full-scale test interior after flashove-.
Nevertheless, I do not believe that flashover is inevitable
in every aircraft fire scenario, but it is clearly the dominart
event affecting passenger survival when it does occur.

J.S.S. STEWART
It is impossible to reconcile the earlier full-scale test

model with the pathological and toxicological evidence obtained
from real accidents. Does the new model help to reconcile the
different types of evidence?
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AUTHOR's REPLY:
I do not agree that the earlier full-scale test model is

inconsistent with pathological and toxicological evidence
obtained from real accidents. The "new model" as you call it,
or the full-scale fire test with more extensive furnishings
and data-gathering in the post-flashover time period, produced
consistent results with our previous tests; i.e. survivability
is dominated by flashover. The data indicate that the primary
hazards caused by flashover are elevated temperatures and oxygen
depletion at locations closer to the fire origin and in the
upper cabin; by contrast, at locations further away from the
fire origin and closer to the floor, the dominant hazards are
toxic gases.
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Full Scale Study of a Cabin Fire in an A300 Fuselage Section

K. Dussa, R. Fiala, R. Wagner, B. Zenses
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Institut fUr Antriebstechnik

K81n, Germany

SUMMARY

Aircraft accidents involving cabin fires have shown that the burning behaviour of the

cabin materials plays a vital role for the survivability of the passengers. To gain

more information on the complex physical and chemical processes in a cabin fire and on

the validity of laboratory test methods to evalute the burning behaviour a Cabin-Fire-

Safety program was set up by the German Federal Ministry of Transportation-Besides

laboratory tests a first full scale cabin fixe test was carried out in the scope of

this program. For this test an 18 meter long section of a wide body ]et was available.

6 meters of this fuselage were furnished with cabin materials fullfilling the newest

fire safety standards. In this section gas sampling tubes, thermocouples, radiometers,
and smoke density measuring devices were installed. Additionally, the fire was observed

and recorded by five video cameras.

As ignition source a modified Park-Oil burner was used.

The burner was situated between the side wall of the cabin and the adjacent seat of the

last seat row.

After a burning time of 105 seconds a self sustaining fire had developed. The burner
was shut off. The fire was extinguished after 365 seconds. Halon was used as an ex-

tinguishing agent. Total halon consumption : 1.000 kg.

A first optical inspection of the cabin had the following result: The seat cushions

showed minor to medium burns, except those in the immidiate vicinity of the ignition

source. The overall weight loss of the seat cushions was approximately 10%. The carpet

was nearly undamaged. All other parts, as side wall panels, ceiling panels, insulation,
air conditioning system, hatracks and so on suffered heavy demage or were destroyed.

From gas concentration- and temperature readings one could conclude that in the first

60 seconds after ignition surviable conditions prevailed in the cabin. In the following

60 seconds gas concentrations and temperatures reached lethal values. Oxygen concentration

decreaed rapidly. Visibility fell to zero.Fash-over occurred. The test will be illu-

strated by video film.

Introduction

In the last years a number of spectacular aircraft accidents with catastrophic conse-

quences attracted again the attension on aircraft safety.

In these accidents fire was the triggering factor which lead finally to the disaster.

Most of the victims were attributed to smoke, toxic gases and heat produced by the fire,

especially by the plastic materials used in the aircraft interior. The latter em;hasi2esI the necessity of f'rther studies to get a more detailed knowledge on the decomposition-

___
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and burning processes of such materials, on the formation of combustible mixtures and on

possibilities of interference.

One can devide the fires roughly into two categories, the post-crash fires and the in-
flight fires.

These two categories of fires differ mainly in the period of time between outbreak of
fire and end of rescue operations, that means the time during which a formation of a

non-habitable atmosphere in the cabin has to be prevented.
In case of a post-crash fire one can assume, that rescue operations are accomplished
within 5 to 10 minutes after crash. In case of an inflight fire one has to take into

account, that 20 to 25 minutes will pass by before rescue cperations can be carried out.

The main topic of the aircraft fire safety program, set up by the German Federal Ministry

of Transport is inflighlt-cabin-fire. The project includes besides laboratory and small
scale tests also full scale fire tests. In the following a report on the first full scale
test in the scope of this program is given.

Test facility

For the full scale fire test an 18 meter long fuselage section of a wide-body jet (A300)
was available. This section was closed at both sides by fire resistant bulkheads (Fig. 1).

A length of six meters was outfitted with an original furniture as it is used in modern
aircrafts today. The interior consisted mainly of phenol/glas sandwiches with decorative

films or polyurethan paints, polycarbarbonates, epoxy/glas sandwiches, polyurethanfoams,

aramid , and wool. All the materials in the fuselage complied with the Fire-Safety-Stan-
dards. The seatcushions were protected against fire by fireblocking layers. A fan posi-
tioned outside the fuselage provided the necessary air for the ventilation system. For

the fire test the situation of fast descend was chosen. According to theFlight-crew

operation manual for abnormal flight procedure, the ventilation of the cabin is reduced.
For this case the airmass flow in the furnished section of the test article was caculated
to 0,12 kg/sec. Tests carried out without fire confirmed, that realistic conditions were

prevailing. An observed airflow from the furnished area to the unfurnished area had only

a very low velocity and was therefor negligible.

To get some informations on an optimal arrangement of exit lights, additional lamps were
installed in a hight of 21 cm above floor.

The ignition source was located between the side wall panel and the adjacent seat of the
last seat row infront of the bulkhead in a manner that both the side wall panel and the

seat were exposed to the flames (Fig.2).

As ignition source a modified Park-Oil-burner was employed. Such burners are used nonrally

for seat-cushion and burn through tests. The heatflux and the flame temperature corres-

ponded to the values of the FAR-rule. The remaining 12 m of the fuselage section were
insulated with glaswool to protact the aluminum structure and the skin.

In the furnished section measuring devices for temperature, heatflux and smoke density as
well as gas sampling tubes were installed in two hight levels above floor, namely man

crawling and man standing and in different distances from the ignition 'ource.
In detail temperature was measured as a function of burning time at 46 locations,

total heatflux at 6 locations, smoke density at 18 locations, carbon-monoxide and carbon-
dioxide at 12 locations and hydrogen fluoride, hydrogen chloride, hydrogen bromide and

hydrogen cyanide at 6 locations.
Additional video recordings were taken from 5 different directions whereby 3 video

cameras were installed in the fuselage.
Skin temperature of the fuselage was registered by a thermo-vision camera. Figure 3

shows a schematic view of the test facility.

X
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Test procedure

Data reading started 10 sec before ignition of the burner. 105 seconds after ignition of
the burner, a self sustaining fire had developed. The burner was shut off. For the next

4,5 minutes the fire could develope itself. In spite of cooling the fuselage the skin
reached temperatures in that time, which could not be tolerated without the risk of

loosing the fuselage. Therefor 365 seconds after ignition, the fire was extinguished.

Halon was used as an extinguishing agent. Total halon consumption: 1000 kg.

Test results

The following pictures show a total view of the fuselage interior prior to test (Fig. 4)

and the results of an optical inspection after extinguishment.

It can be seen in fig. 5 and fig. 6 that the stowage bin has dropped on the seats beneath.

This was due to the melting of the attachments of the stowage bin (Fig. 7).
The stowage bins at both sides of the fuselage remained in their positions, however were

heavely damaged by the fire. The decorative foil was burnt. The laminate had deteached

from the core (Fig. 8).
The ceiling panels as well as the insulation behind the panels are totally burnt (Fig.9).

Also the ventilation ducts were burnt (Fig. 10). Thermoplastic materials used for passen-

ger service units, diffusion screens and so on melted and dropped down on the objecte

beneath. Video recordings show, that the material was already burning.

Most of the side wall panels were heavely burnt. Only some panels were demaged to a minor

degree (Fig. 11).

The destruction of the seats ranged from minor burns to totally burnt. Fig. 12 - 14 gives

examples of the seat condition. The seat in the vicinity of the ignition scource was

destroyed. The weight-loss of the seat cushion was 41%. The seat cushions of the next two

adjacent seats lost 24% and 11% of their weight.

The remaining 45 seats were more or less damaged.

All seat coverings of the seat cushions were burnt totally or at least to 50% of the sur-

face. As mentioned above burning plastic parts fell down from the ceiling. These pieces

may have acted as an ignition source for the seat cushion dress covers.

The back seat coverings were burnt above a certain height above floor. Some back seats
were mechanically destroyed,probably caused by the crash of the stowage bin on the seats

situated under it. Nearly all fire blocking layers withstood the fire undamaged. Only in
the vicinity of the burner the fire blocking layers were destroyed. The weight loss of

the seats ranged between 4,0 and 9,9%.

After ignition of the burner the temperature in the passenger-cabin increased slowly and
1 min later reached values between 30*C and 100*C. The lower value was measured in the

vicinity of the floor (Fig.16). At the time of burner shut off the temperature in the
cabin had risen to 450'C in a hight of 1,6 m above floor. The temperature in the vicinity
of the floor however remained nearly constant. Than a rapid temperature increase follovd.

Within the next 45 sec the temperature reached its maximum value of approximately 200 0C

in 0,5 m above floor and 1100 0C in 1,6 m respectively. The peak values occured nearly at the
same time at all measuring points. From this one can conclude that flash over had ocurred.

The flash-over lead to a rapid temperaturerise in the whole passenger-cabin, also in the

non-furnished part of the cabin. One can conclude this from the fact that no further

signals from the video-cameras were received, which were located in a distance of 10 m
from the fire in the unfurnished part. This assumption was confirmed by an optical

inspection of the cameras after the test. The plastic parts of the cameras were molten.

In the next 90 sec following flash-over the temperature in the whole cabin decreased to

values between 170'C and 450*C respectively. These temperatures remained nearly constant

until extinguishment. In Fig. 15 the temperature is plotted versus burning time and

distance from the ignition source for a height of 1,6 m above floor. The temperature de-

• _ i
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pends also on the height above floor. The lowest temperature was measured near the floor.

With increasing height, the temperatures also increased. Above a height of approximately

1,6 m the temperatures did not change very much. An example is given in fig. 16. In this
fig. the temperature is plotted versus time for three heights above floor.

As already mentioned all seat coverings were burnt above the same height. This is propab-

ly due to the height dependence of the temperature.

The oxygen concentration decreased slowly during the first 2 min burning time (Fig.17)

(In this figure the oxygen concentration is plotted versus burning time and distance from

the ignition source for a height of 1,6 m over floor.)After 2 min a rapid decrease in

concentration was measured.
The minimum in oxygen concentration coincidents with the highest temperatures. Then the

oxygen concentration increased slowly again. This may be due to the fact that oxygen was
supplied to the fuselage by the still working airconditioning system.

Fig.18 shows the carbon monoxide concentration as a function of burning time and distance

from ignition source.

Also the carbon monoxide -concentration increased only to a minor degree during the first

2 min burning time, followed by a rapid concentration increase over the whole passenger-

cabin. The peak values were reached nearly at the time of highest oxygen depleation. The
carbon monoxide concentration decreased afterwards to a value which remained also nearly

constant. This indicates that small fires are still burning feeded by fresh air through
the air conditioning system.

Nearly at the same time also the following gases reached peak concentration: HF with

800 ppm, HCl with 5.400 ppm, HBr with 300 ppm and HCN with 2.400 ppm.

The time- and distance dependence of the concentrations had the same characteristic for

all gases mentioned above. Figure 19 gives an example.

Visibility, also a vital factor for survivability and success of rescue operations de-

creased within 150 sec to zero. Infig. 20 the transmission degree is plotted versus the

burning time for three hights above floor. One may conclude from this plot, that exit-

lights which are located near the floor will be helpfull only for short time longer.

The totai heatflux burning time dependence is shown in figure 21. The sensor located just

above the ignition source measured from the start of the test the highest heatflux. This

might be due in the beginning to a direct contact of the sensor with the burnt gases of

the burner and in the time range between 50 and 100 sec to a direct contact with the

flames for several times. After burner shut-off the heatflux decreased for a short period

of time followed bya rise to a peak value of 17,6 w/cm after approximately 150 sec.

Discussion

The intention of this full scale inflight cabin fire test was mainly to obtain datas on

temperature, gas composition, smoke density, heatflux and fire spread as a basis for valu-

ation of new materials, constructions etc. with respect to fire safety.

Therefor the fuselage was equipped with standard materials and the ventilation system

was operated according to the manual of the producer. A penetration of flames into the pas-

senger-cabin was chosen as fire scenario. Under the test conditions a self sustaining

fire developed soon. For the first 60 to 100 sec of fire a habitable atmosphere prevailed

in the cabin. Than temperatures and concentrations of CO, HF, HCI, HBr and HCN increased

rapidly with time, while 02-concentration decreased. Also an intensive smoke formation
was observed. Approximately after 150 sec peak values or minimal values of temperature and

gasconcentrations were measured in the whole fuselage, combined with zero visibility.

That means, flash over had occurred. At least at that time no chance of survival was

given. To increase survivability, the building up of conditions which lead to a flash-

over have to be avoided or at least postponed.
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This can be achieved for example by

- extinguishment of the fire. However extinguiher will be of little or no help in case

of a hidden fire, big fires, or if the fire cannot be reached

- partition of the passenger-cabin

- cooling the hot gases by water injection below the ceiling

- changing the mixing ratio by additional air input

- choice of materials.

Tests are in preparation now to evaluate the criterias needed for a comparison of the

effectivnes of the different ways to suppress flash-over.(1-7)
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Fig.1. Perpectivic view of the A 300 test article
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Fig.3. Schematic view of the test facility

Fig.4. View of the passenger cabin prior to test
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Fig.5. View of the passenger cabin after extinguishment

Fig.6. Dislocated stowage bin
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Fig.7. Melted attachments of the stowage bin

Fig.8. View of stowage bins
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Fig.9. View of fuselage ceiling

Fig.10. Fire damaged ventilation duct
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Fag.11. View of side wall panels

Fig.12. View of seats after extinguishment
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Fig.13. Viw'of seats after extinguishment

Fig.14. View of seats after extinguishment
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DISCUSSION

H. HILLHAN.
In the tebts, there is no simulation of people in the cabin.
1. Wil1 the presence of people (thermal mass, inflammable clo-

thing) alter the times to flashover?
2. Will the effect of people trying to exit the fuselage cause
mixing airflows, de-stratification and a reduction in the appa-
rent usefulness of crawling on the floor?

AUTHOR's ANSWER:
The answer to question 2 is no. Survivor accounts and the

burn damage in the Manchester accident clearly indicate that
stratification persisted throughout the fire, as also observed
during full-scale tests. The hot smoke and gases that accumulate
at the ceiling are very buoyant. It is also unlikely that the
presence of people has an effect on the time to flashover because
it is triggered by the conditions near the fire origin which
will likely be void of people.

D. PURSER.
In the Manchester disaster report it was stated that consi-

derable mixing of smoke occurred when the hot gases in the upper
part of the cabin came up against the bulkhead and were entrai-
ned downwards. This aspect does not appear to have been reported
in large scale tests, where stratification is reported.

AUTHOR's ANSWER:
From temperature and gasconcentration measurements as well

as video recordings on can conclude that during the first 50
to 100 seconds of the fire (that means before the onset of flash-
over) no intensive mixing occured. Induced by the flashover
mixing process took place in the whole fuselage, also in the
unfurnished section.

P. DEROUET.
What kind of devices do you use to measure the heat flux

through the fire?

AUTHOR's ANSWER:
There is a range of heat flux transducers offered by two

firms in USA: HEDTHERH and HYCAL. We used water cooled total
heat flux transducers of " diameter with t" sensitive area
from Medtherm. To manufactor data this device is useable till
1100*C, but we recommend recalibration after some flame contacts.

__ _ _ _ __ _ _ _'
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SUMMARY

With modern day appliances and equipment a well trained fire service unit should be able
to effectively deal with any external fire that may occur at a survivable aircraft
accident situation.

Incidents that have occurred during recent years show that we still require to find a
positive approach to what is loosely referred to as the internal fire. New legislation
does call for higher fire resistance standards but there will always be the requirement
for fire service personnel to deal with this type of problem. A number of attempts have
been made to address this problem by using various methods to in)ect either water or
halon gas. Whilst these attempts are a possible way forward they have inherent problems.

The fire service are faced with a situation over which they have no control and cannot
alter in any way. These are - response time, the possible need to deal with an emternal
fire first, passengers evacuating and thereby using exits and denying access or exits
that have been left open by escaping passengers and will allow any exterior fire to enter.

At the present time the United Kingdom are testing a system that does address these
problems. It is really two systems in one, firstly to allow onboard water to be used
through the cabin area at very low concumption rates activated immediately on impact.
Secondly, the ability for external services to connect to the system without entering the
fuselage and thereby maintain the water sprays whilst evacuat.on continues or rescue
actions take place.

1. INTRODUCTION

Over the last twenty years we have witnessed great improvements in the equipment
and appliances that are available to the Aerodrome Fire Service to enable them
to carry out their duties. These have come about in a number of ways, larger
amounts of fire fighting media that can be carried in the mobile mode, large
appliances with vastly improved acceleration, larg. output monitors and therefore
greater application rates as well as improved fire fighting foams and complimentary
media such as the halons and improved powders.

Equally as important we have witnessed a change in attitude of Civil Aviation
Management in some parts of the world. They now recognise and appreciate that the
fire service do have an effective part to play and can be instrumental in saving
many lives at a ma3or aircraft accident as well as preventing a minor incident
developing into a major one.

Because of these developments I believe that we have reached the stage where any
well equipped, well trained aerodrome fire service unit should be able to intervene
and effectively deal with any external fire situation that may occur at a
irvivable aircraft accident situation, particularly if they are following the

minimum standards as laid down by the International Civil Aviation Organisation.

Unfortunately it must be said that there has not been the same improvements with
regard to the internal fire situation. Whilst there has been some international
legislation to improve the fire resistance of aircraft internal materials, and some
equipment manufacturers as well as individual aerodrome brigades have attempted to
overcome the problem in their own way it still remains and will do so for the
foreseeable future. It is sad to say that the majority of aerodromes still have to
deal with this type of incident with the same outdated methods that they have had
to use for the past two or three decades because they have no practical alternative.

It is the intention of this paper to briefly review the problem and discuss the
equipment available both present and future with their assocaited advantages or
disadvantages.

2. THE PROBLEM

The fire service are faced with a situation that can d6velop through a number of
parameters over which initially they have no control and cannot alter in any way.
Broadly they can be described as follows.

1I
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i The products of combustion or pnysical fire within the fuselage.

ii The necessity to deal with an exterior fire and at the same time to safeguard
the fuselage and the people within it.

iIi Application of Media to the interior of the fuselage.

iv Entry into the fuselage for fire fighting or to rescue incapacitated passengers.

v Response time

Any one of these paameters can happen individually or as a combination of events
and it is not unusual for all to happen simultaneously.

2.1 Passengers that are trying to escape from an aircraft may in their confused state
open exits without being aware that there is an ad~acent external fire. If this
does happen then experience shows that the exit is never replaced and there is a
ready opening which will allow smoke and combustion products or even fire itself
into the fuselage which will quickly have an effect on the passengers and may even
be the source required to start the internal furnishings burning.

Modern civil aircraft whilst structurally strong are constructed from some material
which have a relatively poor resistance to fire and will start to decompose at
temperature as low as 600*C. This is a low temperature when measured against fire,
consequently if the fuselage suffers from flame contact or even severe radiated
heat, fire break through can occur and the exterior fire has direct access to the
aircraft interior.

We can do nothing with regard to the passenger participation aspect as to restrict
them in anyway would be unacceptable to the traveling public. Therefore our only
way of combating this area is by fire hardening the fuselage and increasing the
fire resistance of individual interior materials. This is an area which is outside
the expertise of the operational fire service and is dealt with more fully at a
later stage by more qualified speakers but suffice to say that the spray/mist
system which is at present being evaluated and tested and will be discussed later
in this paper has already shown the ability to achieve this.

2.2 The exterior fire may be of such dimensions or intensity that it is necessary to
deal with this before any entry can be made into the fuselage. The purpose being
to safeguard the people in the aircraft and to create a path which would enable
them to evacuate the aircraft safely. 1his therefore commits possible limited
manpower and resources which may otherwise have been used to advantage inside the
aircraft.

It has long been suggested that we require a dedicated crew and appliance for the
internal fire. Whilst this may initially appear to be the answer it must be
remembered that manpower is the most expensive item of any fire service and if they
are working to a limited budget then other areas of the service must suffer.
They are also resticted by the lack of equipment designed especially for the task
of the aircraft internal fire. They may also experience some delay in entering
the aircraft due to passengers evacuating through available entry points. There
is no doubt that the extra men and media would be an advantage, the way in which
they should be used would need careful consideration.

2.3 To deal successfully with any fire the extinguishing media must be applied
directly to the fire. Failure to do this means that a large peyeentage of it has
been wasted and in the case of limited supplies on an airfield ma., mean the
difference between successful extinguishment or failure and the less of life.
This means thatthe media must be applied inside the fuselage, the means of doing
this at the moment are very restricted. They consist of conventional spray
branches which are taken inside the fuselage or "spray pierces" which are driven
through the skin from outside and then connected to a pumping appliance. Whilst
these piercers enable water to be delivered to the interior without actually
entering the fuselage there are a number of drawbacks.

The spear must be introduced above seat level, but below luggage rack level.
Failure to do this means that the water spray is either trapped between two seat
rows or in the luggage bin. Even on a narrow bodied aircraft this gives a height
p- blem and means the firemen must work from a ladder and it is not easy to gain
sufficient purchase to pierce the skin manually. This can be overcome by using a
powered tool to cut a hole first but can be very time consuming.

There may be no indication where the seat of the fire is situated so the whole of
the fuselage interior would need to be covered. On a 737 type aircraft this would
take a minimum 4 sprays (each one gives about 2Oft coverage ) this would be outside
any realistic time span to aid the people in the aircraft. It would of course take
more sprays and a great deal more time for the same effect to be achieved in a wide
bodied aircraft.

Again this would mean a dedicated water supply, but more important, sufficient
manpower to enter the spears through the fuselage and to run the necessary lose.
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A ground fire may preclude immediate access to the skin of the aircraft and
thereby delay the entry of water.

One vehicle manufacturer has attempted to overcome some of these problems by
making the water spears mechanically operated by the means of an extended
hydraulic arm which will make the necessary entry into the fuselage and allow water
to be pumped through the arm and into the fuselage. Bearing in mind that a
minimum of four sprays would be needed this in turn means that four extra vehicles
would be needed with the additional manpower requirements. This method would not
overcome the problem of the external fire stopping these vehicles from getting
close enough to the uselage so that they could operate their extending arms
successfully. There may be a number of other reasons why they cannot get close
enough even if the fire has been dealt with, this could be wreckage, fuel spillage,
disturbance of the foam blanket that has been laid in fighting the fire or even
escaping passengers that are still in the close proximity to the fuselage.

Experimental work has also taken place in the United States of America using the
same basic principle of extending arms from vehicles, but in their work instead of
using water for the interior fire they have used halon gas and this work is well
documented, It is not the purpose of this paper to discuss the relative merits or
disadvantages of using a gas versus water. However it must be pointed out that
whilst a halon may well extinguish the fire it will do nothing to improve the
atmosphere within the fuselage. As will be discussed later water spray does have
the advantage of "cleaning" the atmosphere to create a more breathable condition
for people who are delayed in evacuation or trapped inside the fuselage.

2.4 Entry into the fuselage must take place as quickly as possible if the object of
putting water on to the seat of the interior fire is to be achieved. This however
depends entirely on the situation on arrival. As already discussed the external
fire may prevent this, but even if this is not a problem then evacuating passengers
may well be. If all available entry points are being used by passengers to exit
the aircraft then fire service personnel must wait until this has been cleared as
to try and force their way in would disrupt the evacuation and in any case it is
nearly an impossible task to try and stop people in this situation. If the
aircraft is still on its undercarriage there would be the additional problem of
escape slides to overcome and although this is not a difficult task it is time
consuming. Firemen entering a smoke logged fuselage should be equipped with self
contained breathing apparatus and whilst this is done at a large number of airports
it is by no means standard procedure throughout the world.

3. WATER SPRAY SYSTEM

The idea of using water spray systems in aircraft is not new by any means. Over
the years a number of studies have been made. The last meaningful one was
sponsored by the Federal Aviation Administration (FAA) in 1983 and came to the
conclusion that a water based system would offer a broad protection base unfortunately
this study did not result in any known work to develop the concept. When thinking
about this type of system it always appears to be developed along the same lines
as a structural sprinkler system that is with highlocalised flow rates with the
primary purpose of extinguishing an established fire which has the inherent pioblems
of large amounts of water required with consequencial weight factors whicn are not
conducive to aircraft operations.

One alternative which is showing promise is a low flow rate internal spray system
developed by Safety (Aircraft and Vehicles) Equipment Ltd (SAVE). Spray nozzles
installed in the cabin ceiling can fill the cabin and the dead space above the
ceiling with a heavy water mist. Because of the low flow rate requirement of the
system a significant level of protection can be provided by water carried oiboard.
This system concept also provides for the incorporation of exterior couplings
accessible to the airfield fire and rescue services which allows much higher flow
rates to be supplied from the fire appliance. This combined system would allow
for the first time protection inside the fuselage from the mo ent it is required
therefore overcoming the problem of reponse time and also allowing the fire and
rescue services to attack the internal fire immediately on arrival without having
to make entry into the fuselage thereby overcoming many of the problems discussed
earlier. This new spray mist concept has been developed using an unfurnished and
fire hardened VClO fuselage and demonstrated using a fully furnished Trident
aircraft. The UK CAA has carried out a review of world wide accidents involving
firs deaths over the period 1966 to 1985 and has concluded that the benefit
attributable to the carr

4
age of an onboard cabin fire suppression capability such

as a water spray system is likely to be substantial. It therefore concludes that
the concept is sufficiently promising to be the subject of further investigation in
particular to define more precisely the likely benefit, to establish its
efectiveness in wide body aircraft and to optimize the system and to determine
whether additives would be desireable to ennance toxic gases absorption. The
CAA envisages that this further work would be carried out on an international
basis and has therefore initiated discussions with the FAA and other authorities
with a view to entering a collaborative programme.

I
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To enhance the chances of survival in a ground fire emergency two basic options
are available, to increase the evacuation rate from the aircraft or to extend the
time for which survivable conditions exist within the cabin. . water spray
system would be expected to achieve the latter of these two options. Firstly the
"onboard" system distributes water carriid on the aircraft and would have sufficient
quantity to be self sufficient for the first minutes of the emergency. Secondly,
the "Tender" system uses water provided by the fire and rescue services and consists
simply of suitable ground connections to the distribution system.

From work already carried out the "onboard" system appears to have the potential to;

I fire harden the fuselage structure to an extent that penetration of an external
fire through the skin of an aircraft in to the cabin can be delayed,

11 limit fire propagation within the cabin by the absorption of radiant and
convective heat from either an internal or external fire and as a result
prevent the occurrence of a flash fire,

iii reduce the threat to life by the "washing" of the cabin atmosphere thus
limiting the buildup of toxic gases and solid particulate from the fire that
would have an adverse effect upon both sight and breathing.

The Tender system used on fire service arrival has the potential to enable the fire
and rescue services to extinguish an internal cabin fire, enter the cabin and
assist in the removal of any remaining passengers.

Considering these objectives in more detail, the benefit of fire hardening could
be substantial. Provided there is no structural break-up, a fuselage which resists
fire penetration will also prevent the ingress of smoke and toxic fumes from an
external fire. To achieve this, water would need to be sprayed onto all internal
surfaces of the fuselage skin to maintain skin temperature below their melting
point, this would not appear to be very practicable or worthwhile in those areas
where cabin insulation is installed. In any case, above floor level the thermal
and acoustic insulation will tend to act as a secondary fire barrier once the skin
is penetrated. The most likely areas where water could be effectively applied
tends to be in the below floor and keel areas and, fortuitously, these are
probably the areas at greatest risk to an initial fire threat. However, some
degree of protection would be afforded to this underfloor region through the
effects of drainage from an above floor system, but this may not be sufficient to
fire harden the skin in all circumstances. Whether or not it would be worthwhile
to provide sprays in such areas or whether reliance could be placed upon the
draining of water from an above floor system would need to be established.

For a water spray system to absorb effectively radiant and convective heat, the
water spray needs to be fine and evenly distributed. It must not however, be so
fine that it cannot penetrate powerful convective gas flows generated within a fire,
nor must it be so fine as to adversely affect vision, ie fog. To "wash out" solid
particulate generated by the fire, the water droplets must be small in diameter
and large in number so as to bombard the smoke, carrying the solid to the floor.
The same is true for the absorption of the water-soluble toxic gases. The
effectiveness of this "wash out" is also dependent upon a homogenous water spray
distribution throughout the cabin. There must be no regions within the cab:n or
above the cabin ceiling through which hot smoke and toxic gases can migrate
forward or aft.

Clearly, for an onboard system, it would be important for the water spray pattern
to be optimised to mimimise the amount of water that must be carried as this bears
directly upon the weight of the system and thus on the aircraft's operating cost.
On the other hand, a "Tender" system is not so constrained and is only limited by
the ability of the fire service rescue personnel being able to reach the aircraft
with a suitable water carrying appliance. If the Tender system is to have a
capability of extinguishing a cabin fire, water flow rates would need to condiserably
exceed those of the on-board system. This could be achieved by dual flow rate
nozzles.

Although the on-board and tender systems have been considered separately in the
above discussion, they are complementary in purpose and could readily be integrated
into a single installation. The bulk of the testing has been performed in a
combined system.

All research effors have been directed towards the ground use of the on-board
system only and the preliminary benefit is based upon assumption. Whether or not
the system could be used in flight is at present unknown. It it "ould be shown
that such use was unlikely to be catastrophic, its use could be onsidered at
least as a "last ditch" measure. It is open to question whether design precautions
should be taken in respect of other systems (eg, electrical supplies, avionics) to
facilitate such use.

01
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4. TESTS

The initial test scenario was a fire within the cabin of a VCIO aircraft hulk
arising from a fire penetrating the fuselage, entering the cabin through the
aircraft floor and immediately attacking the aircraft seating. Tests not only
confirmed the rapid fire-kill capability of the tender system but indicated the
extent to which an on-board system could limit fire development and maintain
survivable cabin temperatures throughout the test.

Following discussions with the FAA, a second scenario was evaluated. An opening
equivalent to a Type A exit was cut in the side of the fuselage and fire hardened
locally with steel sheeting. An external pool fire was simulated using a lOft x 8ft
tray of burning kerosene immediately outside the fuselage opening. Seats were
arranged inside the fuselage with the most forward seat row aligned with the exit
centreline. Here again results showed that, while the on-board system was in use,
little or no fire deve lopment occurred within the fuselage and that fire damage
was limited to the exposed outboard edges of the seat armrest and cushion and seat
back upholstery. Throughout such tests the cabin environment remained survivable
without any form of respiratory protection. The facility also provided the
opportunity to refine the nozzle design and to develop guide-lines for their spacing.

Having reviewed the results of these tests, it was decided that a programme of tests
in a fully furnished aircraft was then needed using a fire scenario similar to that
which existed in the tragic accident to the B737-200 aircraft at Manchester in
August 1985.

Proof of Concept

The CAA collaborated with SAVE in a series of tests to confirm the effectiveness of
the system in the case of a pooled fuel fire and a fully furnished aircraft. Use
was made of a Trident 2 aircraft at the CAA's Fire Service Training School at
Tees-side. Three tests were carried out with, in each case, a substantial fire
under the rear of the aircraft aft of the wing (comparable in position and intensity
to the fire at Manchester) which was allowed to burn for approximately three
minutes before external fire fighting commenced. In all cases the cabin spray
system was switched on when smoke entered the cabin, (for a production installation
this water would be carried on board).

I In the first test the aircraft was intact at the start with the rear baggage
hold full of baggage. The fuselage skin below cabin floor level (baggage hold)
was substantially destroyed, and there was considerable damage to the structure
behind the rear pressure bulkhead. The fire did not penetrate the cabin, and
temperatures throughout remained survivable.

ii In the second test, with crudely repaired skin, the baggage hold was again
filled but the fire rapidly destroyed the repairs so that the protection
provided by the baggage was quickly lost. As a result the cabin floor above
the baggage hold was severely damaged with only the upper skin of the "sandwich"
construction floor r-maining intact. Again, there was no fire penetration of
the cabin, and temperatures remained survivable. Fire damage aft of the rear
pressure bulkhead was such that the tailcone and empennage fell to the ground.

III in the third test, the spray was removed from the toilets and the area of the
last four rows of seats. The fire thus gained entry to this part of the cabin
very rapidly indeed, and it was totally destroyed. The water spray kept the
fire at bay such that the sprayed part of the cabin suffered no fire damage
whatever and the temperature remained survivable.

In summary, not only did the spray system Keep the cabin temperature survivable in
the face of a fully developed fire in the cabin, but it also provid(d a degree of
protection against fire penetration through aircraft structure whici was wetted on
the inside.

However, significant levels of carbon monoxide were measured in the cabin in all
three tests, and further work is needed to assess its origin, extent and significance
to evacuating passengers.

S. SYSTEM DESIGN FEATURES

Although a fully functional airborne standard has yet to be designed and developed,
there is nothing anticipated in the cabin water spray system concept which would
introduce technologies or design practices not already includid it, other aircraft
systems. In this section some of the more significant design features are

discussed.

On Board System

An on board system could be expected to consist of:

i water supply of adequate duration,

ii means to pump the water through the system,
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iii distribution system,

iv means to in3ect the water into the required fuselage zones, and

v means to "arm" and a means to initiate the system.

The installation would need to take into account environmental factors such as
temperatures and the inertia forces that can exist in an otherwise survivable crash
in which a fire ensues.

Water Supply

The quantity of water that would be required to be carried would depend on system
design duration, (ie, how long it would be able to afford protection while passengers
and crew evacuate the aircraft) and on system flow-rates.

Duration

Each aircraft type before certification must be shown to be capable of evacuation
of a full passenger load, using half the exits, in less than ninety seconds. This
is a design condition and assumes an orderly evacuation. There is no implication
that, in all circumstanc.s, an aircraft can always be evacuated within this time
limit. In reality an evacuation may take from as little as thirty seconds to as
much as five minutes, depending upon the particular circumstances of the accident.
Where fire is involved, conditions within the cabin are likely to become
unsurvivable within five minutes unless some means is introduced to delay the fire
development. However, the tests have shown that a spray system can be expected to
delay both the fire threat and the deterioration of conditions in the cabin. A
system duration of three minutes would afford survivable cabin environment for
some time beyond the system operating period and possibly as much as five minutes.
It is suggestea therefore that a three minute minimum design duration would be
appropriate for the on-board water spray system. This operating duration has
been used for all full scale tests so far performed. This also corresponds to the
internationally agreed manimum time for the fire rescue services to reach an
accident on the airfield. In thib regard it is relevant that a major proportion
or survivable fire accidents do, in fact, occur on airfields.

Flowrate

The system development tests conducted by SAVE in the VCIO test fuselage in 1987
suggest that, for a narrow bodied aircraft, a flowrate of about 0.2 gallons of
water per foot-run of cabin per minute is needed. For an aircraft the size of a
Boeing 737 aircraft this equates to approximately 15gallons/minute (45 gallons for
a three minute system).

NOTE: For the same spray density a wide bodied aircraft could be expected to
require considerably more, say 0.35 gallons per foot which would be equivalent to
about 145 gallons for a three minute system. However, tests would be necessary to
substantiate this crude estimate.

Although it would be attractive from weight considerations to make as much use as
possible of drinkable (potable) water already carried on the aircraft, this could
create practical difficulties. Firstly, there is a risk of contamination of the
drinking water and secondly there would be the need to ensure that there is always
a minimum reserve retained for the water spray system.

On current aircraft, potable water is oi'en largely depleted by the time the
aircraft arrives at its destination and woui therefore be unavailable in a post
landing accident. It would therefore seem to be essential to have dedicated water
supply to provide a specific minimum period. Means for interconnecting this to
the potable supply could, for accidents at takeoff, provide extended duration,
ie the potable water would be a bonus when availa'le.

The number of storage tanks required for a specifice aircraft would need to take
into account the system redundancy philosophy. The .ikelihood of a major fuselage
break suggests that at least two storage tanks would be necessary, one located
towards each end of the fuselage.

Material used in the construction of the tank would nted to take into account
considerations such as impact resistance, affects of f-.re and the range of working
pressures.

Pumping System

Whatever means is used to "atomise" the water into a suitable spray, some form of
pumping/power system would be required. The power for 'uch a system could be derived
from a number of sources but the most likely would seer to be either electrical or
pneumatic. Whatever the power source, it would have to be independent of the
failure of any normal aircraft power sources or supplies, and one of the simpler ways
of achieving this independence would appear to be a stored gas pneumatic system that
pressurizes the storage cylinder.
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It could perhaps utilize components currently used to deploy inflatable escape
slides, ie a rapid discharge, high pressure, gaseous, dry nitrogen system. The
system would also need to include appropriate non-return, pressure-regulating and
relief valves.

Distribution System

Ensuring that the water spray is fed to all the required regions of the fuselage
and at the same time minimizing system water loss in the event of structural
damage to the fuselage in a survivable accident, would require check valves,
restrictors, frangible self closing couplings etc. From the recent trials, it is
clear that distribution within the cabin would be unlikely to be achieved using
a single manifold except perhaps for the smaller aircraft cabin having a simple
internal profile. In most cases it can be expected that at least three main
distribution manifolds would be needed, one on the aircraft centre line and one on
each side of the fuselage, somewhere near the interface between the side wall and
the overhead stowage/passenger service units. Further lines feeding roof and below-
floor area may well be necessary.

6. CONTROL

How the system would be controlled will require very careful consideration. It
seems likely that the on-board system would always be armed for take-off and landing
but disarmed forother phases of flight. This action would probably be performed
manually by the flight crew but could perhaps be linked automatically to, say,
flight altitude above the ground. However, this would be dependent upon appropriate
signals, electrical supplies etc being available in the circumstance which might
eventaully precipitate use of the system. Any automatic arming means would almost
certainly require a manual override device:

i to cover the failure of the automatics, and

ii to allow the crew the "last ditch" capability of initiating the system to
combat an uncontrolled in-flight fire.

System initiation also presents problems. Should it be "manual or automatic"? It
is conceivable that thermal, UV or IR sensors could be located in the fuselage skin
which automatically initiate the system. It is important, however, that the system
is not initiated by fires which are not a direct threat to the fuselage or its
occupants as a transient torchinq flame which may result from a "wet start", or
a localised wheel brake fire or even solar heating or sunlight. For these reasons
a manual control seems less likely to result in unnecessary system operation. It
is also most likely to be "crash survivable". But this raises the question of
who would be responsible.

It may be argued that the flight-crew, with their more intensive training, would
be less likely to overreact to a situation and would therefore, be less likely
to prematurely initiate the system. On the other hand they may be unaware of the
extent of the fire near the rear of the fuselage or, in a crash, they may have been
incapacitated. The cabin crew may be in a much better position to assess the
fire threat and initiate the system in a timely manner. They would however, need
training.

On balance preference appears to be for a control system which is manually armed
and initiated, a system in which the "arming" is performed by the flight crew and
is capable of being initiated by both the flight crew and the cabin crew. The
location for the controls for use by cabin attendants would be near to those cabin
attendant stations which are adjacent to floor level exits.

Even the production of an "arming" feature, the system may operate when it is not
needed either as a result of failure, or overreaction of a crew member. Either
way it may be desirable to provide a "dump" func';ion which would stop the system
discharge into the cabin so limiting the cabin d;amage and the possible hazard to
essential electrical and avionic systems.

Environmental Factors

To date, all tests have been conducted using water without any additives such as
"antifreeze". Glycols and similar agents can depress the freezing temperature to
a level where it would be unnecessary to drain the system during cold overnight
soak conditions. However, such agents can produce toxic thermal breakdown products
which could represent an unacceptable hazard. Facilities for draining the system
overnight, therefore, likely to be required.

As with potable water systems the water tanks and controls may need thermal
protec.ion in flight, particularly in long-haul flights with extended periods at
high altitude.

+V
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7. TENDER SYSTEM

A viable tender system presupposes that a suitable water supply is readily
transportable to the aircraft by the fire rescue services, and dedicated specifically
to this particular purpose. The air frame part of a "tender system" would need

to be able to handle the high flow rates needed to extinguish an established fire
and could be expected to consist of:

I ground vehicle connections accessible in likely fire scenarios, and

ii a distribution and spray nozzle system.

Ground Connections

The number and location of the tender connections for such a system would vary from
aircraft to aircraft. They would need to be readily accessible to the fire service
vehicles used in this role and should be located where at least one would be
clear of any likely ground fire and remain clear throughout the emergency.
Accessibility should not be adversely affected with any or all of the landing gear
collapsed.

With these constraints in mind the most likely locations would be at each end of
the fuselage, on each side and just below the cabin floor. Wing tip connections
could be considered but, with the length of pipework feeding from wing tip to the
fuselage, this would be vunerable to damage and would represent a substantial
weight penalty. Wing tips on large aircraft can also be a long way above the ground.

The type of connection used would need to be standardised and would have to cope
with flow rates of up to say 200 gallons per minute. To be realistic, standardisation
would have to be internationaaly agreed as would the provisioning of appropriate
and adequate water supplies at each airport.

Distribution and Spray System

The distribution system, its redundancy and crash integrity would be very similar
to the on-board system discussed above. The spray nozzles would need to be able to
cope with the higher water flow rates. Where both on-bodrd and tender systems
were installed much of the distribution system could be common to both systems,
particularly where nozzles were utilised which could operate at both high and low
rates.

8. COSTS

The cost implications can be broadly divided into the following areas installations
costs, maintenance costs and loss of payload due to the weight of the system. It
is difficult to quantify exact costs at this time but estimates have been made on
certain assumed factors. These are, narrow bodied aircraft installed cost £80,000,
maintenance £5,000, annual operating cost £8,000. Wide bodied aircraft £l0,00,
maintenance £8,000,annual operating cost £12,000. It must be emphasised that these
figures are crude estimates and may well change as the system develops.

9. REMAINING CONCERNS

Effectiveness in Wide Bodied Aircraft

All testing so far has been conducted in a narrow bodied VCIO and a Trident II
aircraft. There has been no assessment in a wide bodied aircraft.

Whilst no major problems are foreseen, it may be necessary to increase the number
of spray distribution manifolds to ensure complete coverage of the cabin interior
including loft spaces and particularly where multiple overhead stowages could result
in potential dead spaces.

Ceiling height may also influence spray penetration. A slight increase in droplet
diameter may be necessary to ensure good droplet penetration to floor level.

Further practical fire tests in a wide bodied fuselage are necessary to determine
optimum droplet size end distribution.

Carbon Monoxide

Whilst water in the form of a spray has the potential to absorb much of the water
soluble products of combustion, its ability to absorb carbon monoxide (CO) is
minimal. In fact it nas been suggested that the addition of moisture to the
combustion process may potentiate the production of CO and hydrogen (H2) through
the reaction between the water and the hot carbonaceous products of combustion.

Additives could be introduced into the water spray which may well reduce the total
CO yield but they, in turn, may create other hazardous thermal breakdown products.
Further tests are necesssary to determine whether such additives would be worthwhile.

t
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Effects on Egress

In the tests so far performed, the reduction in visibility has been slight and is
therefore unlikely to affect aircraft egress rates. However, wet floor surfaces
and escape routes may have an effect which needs to be evaluated. Further trials
may be necessary to quantify such effects, including that of drenching of the
cabin occupants.

10. GENERAL

The work carried out so far would indicate that an effective water spray system
installed in an aircraft would overcome a large number of problems which now
face the fire service when dealing with an internal fire situation but most
importantly would extend the available evacuation time and give the capability of
water being applied to the interior of the aircraft before the arrival of the fire
service.

Although the systems have been described separately to achieve the maximum
utilisation they should be considered as a package and complementary to one another.

Work is now progressing both in the UK and the USA to further the work particularly
in regard to wide bodied aircraft. It is also to include a dis-benefit study
which will compare it with other suggested safety methods and the problems
associated with the inadvertent discharge whilst the aircraft is in flight.

DISCUSSION

G. WINTERFELD
Could you comment on the temperature history with time

in the 3 fire tests during the time of application of the spray
system?

AUTHOR'S REPLY:
On fire test 1 which was the least severe, the temperature

did not rise above ambient of 10C at any time.
On fire test 2, cabin temperature rose to a maximum of

30
0
C after 8 mins. at I meter from floor level.

On fire test 3 which was the most severe ( due to part
of the spray system being removed), at I meter from floor level,
the maximum temperatures recorded at 3.5 minutes were 70*C at
the edge of the sprayed zone reducing to 36

0
C at 7 metres from

the edge of the sprayed zone.

11.11. SINGLETON
Most important elements to the success or failure of the

fire service is time. The most significant improvements in fire
safety over the past thirty years are early warning detectors
and early fire suppression. As long as manufacturers continue
to install materials, particularly interior finish materials,
capable of producing flash over, early warning and suppression
systems must be mandatory for all aircraft designs ia order
to buy valuable time for fire service response.
Example: VC 10 Los Angeles. All passengers safely evacuated
because fire crash tender was closely on the spot where the
aircraft stopped.

AUTHOR'S REPLY:
The most important factor to the fire service is time,

if we have an early warning and can be waiting for the aircraft
then so much the better. Where there is no warning of the
incident then an on board spray system operated by the aircraft
crew means water is being applied to the cabin interior as soon
as required. The ability for the fire service to connect to
this system as soon as it arrives means we can put large
quantities of water inside the cabin quickly with minimum of
delay.

J. WYERS
In your paper, no mention is made of the carrying cost

of such water spray system. Has this aspect not been considered?.

AUTHOR'S REPLY:
The cost quoted were very approximate but did take into

consideration the operating costs of having the system on board.
However, it would still require a cost benefit study to be
carried out to obtain more accurate figures.
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SU4MARY

Ignitability criteria for fuel vapors in aircraft wing tanks were analyzed. The effects of ambient
temperature, tank pressurization, and ventilation on the flammability of the ullage gas mixtures have been
demonstrated using the ULLAGE computer code. It was shown that In the absence of tank Inerting, flammable
mixtures are most likely to form at some point during all transport and fighter missions considered. The
relative Ignitability of ullage vapor mixtures versus the propane-air mixture called for in Military Stan-
dard 1757A was analyzed for a lightning strike scenario, for spark ignition and hot surface ignition modes.
It was shown that the military standard is not always a conservative evaluation of the ullage ignition haz-
ard. A procedure to determine when the ullage Is more readily Ignitable than the mixture specified by the
Military Standard 1757A has been recommended.

INTRODUCTION

Ignition of fuel vapors In a fuel tank ullage poses potential catastrophic consequences. Therefore,
the Ignitability of ullage mixtures is an important part of the overall aircraft vulnerability evaluation
program.

The five steps required for deterministic evaluation of the hazard posed by the ignition of the ullage
vapors are outlined in Figure 1. Since three elements are required for combustion to take place: fuel,
oxidizer and the ignition source, the first step of the evaluation is to calculate the state of the ullage,
I.e., the pressure, temperature, concentrations of the fuel vapor, oxygen and inert gases. A convenient
solution to this problem has been provided by Seibold (1987) in the form of a computer code capable of pre-
dicting the state of the ullage versus time for input mission profiles.

The second step is to determine if and when the ullage state will become combustible. Flammability
limits for jet fuels are effected by changes in ullage pressure, temperature and oxygen concentrations.
Other mechanisms, such as fuel mist combustion, cool flames, and diffusion flames should also be considered
in this assessment.

If the ullage mixture can reach combustible proportions, the next step (step III) is to hypothesize
various ignition scenarios and to determine associated realistic ignition strengths. The term "ignition
strength" is a nebulous word used deliberately here which could denote the energy of the spark for a spark
ignition mode, or the surface temperature for a hot surface ignition scenario. A review of various ignition
scenarios was given by Kuchta (1975).

Step IV is to calculate the minimum ignition strength requirements for the ullage mixtures determined
in step I for each of the combustion modes determined to be possible in step II, and for each of the igni-
tion scenarios considered in step III.

Finally, in step V the minimum required ignition strength is compared with the credible available igni-
tion strength and a decision is made as to whether combustion will take place. If combustion is possible,
the corresponding peak pressure may be calculated to assess the damage potential. Generally, however, even
mild deflagrations are detrimental to the structural integrity of the aircraft fuel tanks, and the aceepted
practice is not to allow the possibility of ignition.

In traditional vulnerability studies, these five steps are lumped together. For example, in the case
of a projectile ignition scenario, rounds are fired into a simulated fuel tank and the resulting pressure
rise is recorded (e.g., Clodfelter and Ott (1972), Pedriani and Hogan (1980), etc.). Another example is the
Military Standard 1757A which recommends a test procedure to evaluate the possibility of ullage ignition due
to lightning strikes. In this test, a prototype wing section, housing the fuel tank filled with a 4.8 vol %
propane-aiir mixture (1.2 times stoichlometric), is subjected to a series of simulated lightning strikes. If
the ignition probability of the propane-air mixture in the test were found to be higher than the maximum
allowed by the specification, special precautions such as Inerting, should be considered.

While this type of "lumped" approach is technically viable and may be cost effective in the short term,
the data obtained would apply only to a specific tank design under the conditions tested. Therefore, for
each new design or each new set of operating conditions, additional testing is required. This can become
prohibitively expensive or dangerous when Ignitability is to be ascertained for ip-fllght conditions.
Another shortcoming of the lumped approach is the fact that it is difficult to establish the importance of
Individual factors in determining the outcome of the test and to identify those factors that are most re-
sponsible for scatter in the results.

In this paper, the steps outlined In Figure I will be discussed using the lightning strike example. It
will also be shown that the Military Standard 1757A may not always provide a truly conservative assessment
of the actual Ignition probability of the gases in ullage.
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STATE OF THE ULLAGE

Fuel tank ullage conditions were determined by running the ULLAGE computer code* (Seibold, 1987) for a
number of transport and fighter airplane missions. The matrix of the computer runs given in Table I was
selected to isolate the effects of mission day temperature, fuel tank pressure, and ventilation on the com-
position of the ullage mixture.

The profiles for the transport and the fighter (hot day and cold day) missions were, respectively,
taken from Tables 3 and Table 4 of Seibold (1987). The following input parameters were comon to all the
cases summarized in Table I:

Fuel Type - Jet-A (JP-§)
Tank Volume - 77.70 ft

3 
- 2.50 m

3

Fuel Surface Area - 25.49 ft - 2.37 m
2

Vent Hake-up Gas - Air

The ratio of the fuel volume to surface area is used to determine the evaporation rate in the code and the
values used here may not be realistic for the transport mission. The pressurized fuel tank cases were simu-
lated by Inputing 4.7 psig (32 kPa) for the vent demand regulator, and 6.4 psig (44 kPa) for the climb valve
settings. The fuel tank ventilation was simulated by allowing air scrub with zero scrub efficiency. A
modest ventilation rate of 0.2 lb/min (1.5 x 10-

3 
kg/a) was input. This ventilation rate corresponds to 24

volume changes per hour for the initial ullage, and 2 volume changes per hour for the empty tank, under
standard temperature and pressure.

The calculated average oxygen and fuel vapor fractions are plotted against each other in Figures 2
through 4. For the transport mission (Figure 2), the maxima for both fuel vapor and oxygen are reached
nearly simultaneously around the time the airplane first attains its maximum cruising altitude. The peak
oxygen and fuel vapor concentrations (Figures 3 and 4) for the fighter missions occur at different times
corresponding approximately to the time the fighter plane first reaches high altitude, and the time of max-
imum fuel temperature, respectively. The calculated peak average oxygen and fuel vapor concentrations are
also reported In Table I. In this table, the peak values denoted with the superscript "S" indicate that the
ULLAGE program has predicted stratification in the ullage, and there is a variation of concentrations around
this value.

The effects of various operational parameters are seen clearly in Table I. In hot day missions compar-
ed to cold day missions, the ullage contains much more fuel vapor and somewhat less oxygen (even when the
fuel vapor concentration is taken out). The tank pressurization provides significant benefits in keeping
down both the oxygen and fuel vapor enrichment in the ullage. The small amount of ventilation considered
here helped reduce the oxygen buildup in all cases, whereas the reduction in the fuel vapor concentration
due to ventilation was limited only to pressurized tank cases.

FLAMMABILITY CONSIDERATIONS

The purpose of this step is to determine whether the gas mixture in the fuel tank ullage is capable of
sustaining flame propagation at any time during the mission. It is assumed that an ignition source of suf-
ficient strength is present in the ullage at all times. This step is somewhat redundant with the following
steps pertaining to mixture Ignitability, in the sense that mixtures near or beyond the flammability limits
would require excessive ignition strengths which may be ruled incredible. However, the use of flammability
concepts early on in the analysis saves considerable effort.

In order to perform the flammability (as well as the ignitability) analysis, the chemical constitution
of fuel vapors must be known. Aviation fuels are characterized and controlled by specifications based upon
usage requirements rather than detailed chemistry of thea uels. For that reason, the fuel designation Jet-A
does not imply a well defined composition. Our estimates have indicated that the molecular weight of Jet-A
fuel vapors spans the range between 140 Kg/kol and 210 Kg/kmol. Since the lighter molecules evaporate more
easily, at least early in the mission, the molecular weight distribution of the ullage fuel vapors can be
expected to be biased toward the lower end of this spectrum. Kuchta (1973) recommends an average molecular
weight of 164 Kg/knol for JP-8 vapors. The fuel vapor molecular weights built into the ULLAGE computer code
are substantially different from those values recommended by Kuchta (1973). However, repeated runs of the
code with different values of molecular weight have shown that the molecular weight is a denny variable to
the ULLAGE program, and its selected value has no effect on the results.

Combustion of the ullage gases may occur in various modes such as normal flames, cool flames, diffusion
flames and heterogeneous combustion. The estimated flammability limits for normal flame propagation through
Jet-A fuel vapor-oxygen and nitrogen mixtures are given in Figure 5. It must be emphasized here that the
flammability limit curve given In Figure 5 is estimated based on only two data points: the lower flammabi-
lity limit of 0.6 vol % and the upper flammability limit of 4.7% Jet-A fuel vapors in air reported in the
CRC handbook of Aviation Fuel Properties. The other points making up the flamability curve were obtained
by app-oprlately scaling the curves given in Zabetakis (1965) for paraffinic hydrocarbons. If the mixture
at any point in the ullage at any time during the mission falls inside the peninsula shown in Figure 5, nor-
mal flame propagation is possible. Outside the peninsula, normal flame propagation is not possible, yet
combustion may still occur in another mode. For example, below the lean limit heterogeneous combustion can
occur, if fuel mist is generated in the ullage due to sloshing of fuel in the tank. Diffusion flames can

The original version of the ULLAGE code received by FMRC had a small programming error which resulted

in unrealintically high oxygen concentration especially in the early stages of the mission. This error
was corrected in the version used by FMRC.

Based on correlations using distillation curves or API gravity.

-- '
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occur beyond the rich limit If a continuous supply of oxidizer Is being Introduced Into the ullage as would
be the case during descent.

The normal flammability limits are more sensitive to oxygen concentration than to variations In temper-
ature and pressure. The effect of oxygen concentration Is particularly strong In the upper portion of the
curve, as seen in Figure 5. The normal flammability limits are affected only slightly due to moderate
changes of ullage pressure and temperature (Kuchta, 1972). At extrem ly low pressures (corresponding to
more than 10 km altitude), the flammability limits depend strongly on t e size of the ullage. A 100-C In-
crease in the ullage temperature is expected to have the effect of widening the upper and the lower flamma-
bility limits by only 7% (Kuchta, 1975). At ullage temperatures near 2000C cool flame behavior is observed
at a mixture range much wider than the normal flammability limits.

Cool flames follow a different chemical path than the normal flames and cause relatively low tempera-
ture rises. However, even a 50-1000C temperature rise, typical of cool flames, may pose a threat to the
structural integrity of the fuel tank, or may even prepare the ullage for a more violent combustion event.
At even higher temperatures, the mixture can undergo spontaneous Ignition. The minimum autoignition temper-
ature for the most favorable Jet-A vapors - air mixture was reported to be 224*C (Kuchta, 1975).

The estimated normal flammability limit curve given in Figure 5 was also plotted on the average ullage
composition profiles given In Figures 2 through 4 for the missions considered. Fraction of the mission time
spent above 50% and 100% LFL are presented in Table I.

The ullage in the transport mission is seen (Figure 2) to barely enter the flammable range. The ULLAGE
computer code predicted well stirred ullage throughout this mission. However, it is conceivable that in
other transport missions the fuel temperature and the tank skin temperature may be sufficiently different to
promote stratification and locally richer mixtures.

In all of the fighter missions flown on the prototypical hot day, the ullage composition was well into
the flammable zone (Figure 3) regardless of the other mission parameters considered. In this case, either
tank inerting must be considered, or great care must be exercised to eliminate all possible ignition
sources. Fighter missions on the prototypical c~ld day resulted in normally flammable ullage in the cases
where the fuel tanks were not pressurized. When the fuel tanks were pressurized, the average ullage fuel
vapor concentrations reached as high as 50% of the lower flaamability limit. These mixtures may support
heterogeneous combustion, and even normal flame propagation, if they are sufficiently stratified.

The ULLAGE code calculations have also shown that the ullage vapors are always initially flammable
under the hot day conditions, indicating the possibility of electrostatic ignition during fueling. Recog-
nizing this hazard, anti-static agents (such as Shell ASA-3, or duPont Stadis 450) are usually added to fuel
to increase the electrical conductivity above a specified level. A minimum allowable conductivity of
50 pS/m is required for civil aircraft in Europe, whereas there are no mandatory requirements for the U.S.
civil aviation industry (Bustin and Dukek, 1983). The same reference indicates that the U.S. Military has
adopted a 200 pS/m minimum conductivity level.

IGNITABILITY CONSIDERATIONS

The Ignitability assessment can be separated Into two physically independent steps, shown as steps III
and IV In Figure 1. First of all, possible ignition scenarios must be identified. Various ullage ignition
sources reviewed by Kuchta (1975) included electrical sparks or arcs (could be due to a lightning strike as
well as an electrostatic discharge), frictional sparks, heated vessels or tubes, heated wires and rods,
heated metal targets, jets of hot gases, shock wave and adiabatic compression, Incendiary ammunition, and
self heating. Then In step III, the ignition sources and the credible ignition strengths corresponding t
the ignition scenarios selected should be estimated. For example, in the case of a projectile penetration
scenario, the ignition may be in the form of a hot surface ignition, frictional spark, or shock wave igni-
tion (if a projectile is traveling supersonically in the ullage). The characterization of the credible
ignition strength would thus entail the determination of projectile temperature and speed in the ullage, as
well as the energy and the time scale of possible frictional sparks. The next step is to calculate the
source strength required to ignite the ullage mixture present at the time. If the credible available igni-
tion strength Is larger than that required for the ullage mixture, then ignition should take place.

In the rest of this paper, the concepts discussed above are demonstrated using the example of a light-
ning strike during the mission. In this example, the information required to carry out step III (e.g., what
Is the maximum spark energy inside the ullage for a worst case lightning strike) was not available. There-
fore step III was by-passed by limiting the scope to a relative comparison of the Ignitability of ullage
mixtures of Jet-A vapors, calculated above for typical missions, with that of a 1.2 times the stoichiometric
propane-air mixture recommended by Military Standard 1757A. For the lightning strike scenario, ignition in
the ullage may occur in one of the various modes mentioned earlier. The following discussion is limited to
spark igrition, and hot surface ignition induced by a lightning strike.

a) Spark Ignition Induced by a Lightning Strike

It is conceivable that a lightning strike hitting an aircraft may generate sparks inside the ullage. A
spark is a very effective ignition source, since a very small amount of energy (typically less than I milli-
joule) can ignite hydrocarbon-air mixtures. For this ignition mode, the explosion probability of a flam-
mable mixture can be related to its minimum ignition energy. The lower the minimum ignition energy, the
more likely the mixture is to ignite for a given spark intensity. The minimum ignition energy depends on
the fuel vapor and oxygen concentration as well as mixture pressure and temperature. Therefore, In asses-
sing the hazard of the propane-air mixture (1.2 times stoichiometric) used in the standard wing testing,
relative to fuel vapors in the ullage under actual flight conditions, the minimum ignition energies of these
two gas mixtures must be compared.
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Minimum Ignition energies of various hydrocarbon-air mixtures under atmospheric conditions are given In
Figure 6. It is interesting that the minima of the energy curves for these various hydrocaroon compounds
occur at nearly Identical energy values. Note that the minima shift to richer than stoichlometrie mixtures
as the molecular weight of the fuel Increases, apparently due to the decrease in the diffusivity of fuel
vapors in air (Lewis and Von Elbe (1961)). The curves also flatten for higher molecular weights so that
there Is a wider range of mixtures for which the minimum ignition energy Is close to the lowest value.

In order to extrapolate these curves to Jet Fuel A, the fuel concentrations at the lowest point of the
minimum ignition energy curves are plotted against the molecular weight in Figure 7. As was pointed out
above, Jet-A fuel vapors are likely to have a molecular weight around 140 Kg/kmol so that the lowest minimum
Ignition energy should occur at concentrations around twice stoichiometric and the same value is expected to
be applicable between 1.8 to 2.2 times the stoichiometric.

The minimum Ignition energy decreases with increasing oxygen mole fraction. Since the authors are not
aware of published data on the effect of oxygen concentration on the minimum ignition energy of Jet-A fuel,
the data for propane, given in Figure 8, were used as a rough estimate. Most of the data for I atmosphere,
shown in Figure 8, fall on a straight line with a slope of -2.5 when replotted on log-log scale. Therefore,
the effect of oxygen concentration on the minimum Ignition energy can be expressed as:

we e (MIE x0 2/(t-xv) /2.5
MIE =(MIt)o  0.209

where:

MIE - Minimum ignition energy in 02 enriched air
(MIE)o  Minimum ignition energy in ordinary air
x0  -Oxygen mole fraction in the ullage
2 - Fuel vapor mole fraction in the ullage.

The minimum ignition energy increases with decreasing pressure. The relationship of the minimum igni-
tion energy at fuel tank pressure Pu' with that when the fuel tank pressure is atmospheric, P0 , is given by

MIE - (MIE)o (Pu/Po)-n (2)

where n is approximately 2 for hydrocarbon type fuels (Kuehta, 1975).

Finally, the minimum ignition energy decreases with increasing mixture temperature. Kuchta (1975)
recommends a factor of 2 decrease in minimum ignition energy for every 150OF temperature increase. However,
the review of the data given in Barnett and Hibbard (1957) indicated that 150*F is appropriate for pentane,
whereas for relatively heavier hydrocarbons of Jet-A vapors a 100F (56-C) temperature increase is probably
more realistic for representing the factor of 2 drop in the minimum ignition energy. The minimum ignition
energy at a given ullage temperature 

T
u can be -elated to its standard value* at 537

0
R (2980K) with the

equation 1 7 R - Tu(OR )  I

MIE - (MIE)o exp 14
0
R' (3)

In lieu of accurate correlations for the combined effects of these variables, the overall effect can be
approximated as a product of the individual effects given in Equations I through 3. Examples of such calcu-
lations for two of the missions listed in Table 1 (cases I and 5) are given In Figure 9, where the ratio of
the estimated minimum Ignition energy of the ullage gas mixtures during flight to the minimum Ignition
energy of propane is plotted as a function of time into the mission.

The oxygen and fuel vapor concentrations needed for these calculations were taken from the output of
the ULLAGE program as the average ullage concentrations. The effect of the hydrocarbon concentration was
ignored recognizing the fact that the vapors in the ullage may be stratified.

The horizontal line passing through the middle of Figure 9 denotes the ullage gas mixtures with a mini-
mum ignition energy equal to that of 1.2 times stoichiometric propane-air mixture. For all the points above
this line, the Military Standard 1757A is conservative, whereas tha points below the line correspond to an
increased vulnerability that cannot be foreseen by the standard. As seen in Figure 9, at the beginning and
the end of the mission (during low altitude flights), the Military Standard 1757A may be underestimating the
ignition energy by a factor of 2 for the pressurized ullage case. The nonconservatism is less for the vent-
ed ullage.

It should be noted that the type of calculations made to obtain Figure 9 can also be used in an abso-
l'te (rather than relative) sense, if the actual value of the credible spark energy In the ullage is known.
In that case the ullage mixtures during flight can be checked to see whether they will Ignite at any time.

b) Hot Surface Ignition Induced by a Lightning Strike

Hot surface ignition could occur If the lightning strike were to heat up some high resistance current
paths to an ignition temperature. The surface ignition mode is more complicated than the spark ignition
since the details of the igniting surface (in addition to the state of the ullage) play a significant role
in determining the ignition temperature. The hot surface ignition phenomenon has been studied In some
detail for hydrocarbons (e.g., Laurendeau, 1982) as well as for aviation fuels and fluids (e.g., Clodfelter
and Anderson, 1989).

This is an extrapolated value. Jet-A vapors at this temperature do not form a flammable mixture under
atmospheric pressure.

/[
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The asymptotic limit of this ignition mode characterized by the aitoignitLon temperature is the case
for slow, uniform heating of the entire mixture until it ignites. The minimum autoignition temperature for
Jet-A vapor-air mixtures was reported to be 435*F (224-C) by Kuchta (1975). For propane-air mixtures, hod-
ever, the minimum autoignition temperature is much higher and is 871*F ('66C). This large difference in
the autoignition temperatures is recognized by the Military Standard 1757A which calls for the use of tem-
perature sensitive paints (rated for lSOOF) for the hot spot testing. However, the minimum autoignition
temperature of Jet-A vapors in air is expected to decrease with increasing mixture temperature, and oxygen
mole fraction; and with decreasing pressure, so the military standard may become nonconservative during a
mission, as In the case of spark ignition. However, an analysis similar to the spark ignition has not been
performed for this possible yet less likely Ignition code.

CONCLUSIONS

Execution of the ULLAGE program using realistic mission profiles for transport and fighter airplanes
fueled with Jet-A has shown that the fuel vapors in the ullage reached flammable proportions at some time
during the flight for most of the missions (with non-inerted fuel tanks) considered. For missions where the
ullage mixtures were not normally flamable, the average fuel vapor concentration at times exceeded 50% of
the lower flamability limit, so that combustion may still be plausible, If there is sufficient stratifica-
tion, or fuel mist is present. Therefore, when Jet-A is used as fuel either tank Inerting must be consider-
ed, and/or great care must be exercised to eliminate all possible ignition sources in the ullage. This is
particularly true for fighter aircraft missions on hot days because the ullage is flanable during most of
the mission.

Parametric cases run to isolate the effects of various operational parameters on the ullage flammabi-
lity have shown the following:

-Increased flight environmvnt temperature has the effeat of strongly increasing the fuel vapor
concentration while slightly reducing the oxygen enrichment in the ullage;

- Pressurization of the ullage reduces the fuel vapor concentrations and oxygen enrichment substantially;

- The modest amount of tank ventilation considered in the analysis helps reduce the oxygen enrichment in
the ullage while the slight reduction in the fuel vapor concentration occurs only in pressurized tank
cases.

A deterministic methodology to evaluate the ullage ignition hazard has been outlined and recommended
for use as more data become available on the characteristics of Jet-A fuel vapors. This procedure has been
used to assess tne relative ignitability of Jet A fuel vapors In the ullage under realistic flight condi-
tions with respect to 1.2 times stoichiometric propane-air mixture under standard conditions as reazomended
by the Military Standard 1757A. The results have shown that the Military Standard 1757A is not ;lways con-
servative. Until more data become available the method presented in this paper can be used to supplement
the Military Standard 1757A as a screening tool to identify the windows of ircreased vulnerability.
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TABLE I

SUMMARY OF THE COMPUTER RUNS MADE USING PROGRAM ULLAGE

INPUT OUTPUT
Maximm Maximumn Percent Mission Time

Case Mission Tank Tank Average Average Elapsed Above:
No. ________ Pressurization Ventilation Oxygen Vol % Fuel Vapor Vol % 50% LFL 100% LPL

0 Transport NO No 29.3 0.61 53 1

1 Fighter/Hot Day No No 25-93* 241.23 100 94!

2 Fighter/Cold Day No NO 27.23 1.353 416 30

3 Fighter/Hot Day No Yes 23.7 2'4.2' 100 941

41 Fighter/Cold Day No Yes 241.9 1.353 416 30

5 Fighter/Hot Day Yes Ho 21.53 41.593 941 65

6 Fighter/Cold Day Yes NO 21.6' 0.283 141 0

7 Fighter/Hot Day Yes Yes 21.23 3.623 941 63

8 Fighter/Cold Day Yes Yes 214 .22s 9 0

Superscript a denotes that the mixture was predicted to be stratified by ULLAGE.
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Transport Mission in Standard Day
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Figure 2. Variation of the average ullage composition during a transport mission.
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Fighter Mission in Hot Day
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Figure 3a. Variation of the average ullage composition during various fighter missions on a prototypical

hot day.
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Figure 3b. Figure 3a replotted In expanded scale.
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Fighter Mission in Cold Day
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Figure 4. Variation of the average ullage composition during various fighter missions on a prototypical
cold day.
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Figure 5. Estimated normal flammability limits of Jet-A fuel vapor-oxygen and nitrogen mixtures.
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Figure 6. Spark Ignition energy vs mixture composition for mixtures of various straight chain saturated
hydrocarbons with air at 1 atmosphere. (Taken from Kuchta (1975).)
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Figure 8. Minimum ignition energy of propane-oxygen-nitrogen mixtures as a function of oxygen concentration

and mixture pressure. (Taken from Kuchta (1975).)
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DISCUSSION

G. WINTERFELD
1. Could you define your term "minimum ignition strength"

in contrast to M.I.E.
2. How could your results quantitatively change if Jet A (JP8)

were replaced by F40 (JP4)?

AUTHOR's REPLY:
1. The term "Ignition strength" was used generically to

denote the requirements for various modes of ignition. The term
"M.I.E." (minimum ignition energy) on the other hand, applies
only to spark ignition mode.

2. We made no calculations using JP4. We would expect JP4
to present a somewhat more hazardous situation based on the
following properties:
2.1. The vapour pressure of JP4 is higher than that of JP8.
2.2. The solubility coefficients of Nitrogen and Oxygen in JP4
are higher than these for JPg. Therefore we anticipate that
oxygen enrichment should be more of a problem in JP4 fuel tanks.

F. TAYLOR
What were the fuel t0 

profiles used during your transport
and fighter missions?

AUTHOR's REPLY:
The mission profiles used in our calculations were from

tables 3 and 4 of the report "SEIBOLD 1987" in our paper.
these tables are reproduced below:

Table 3. Transport Airplane Missions Profiles

I I I Ambientl Fuel I Skin I
I Time I [Pressurej Temp I Temp I
I(min) I %Fuel[ psia I(°F) I (OF) I

1 0 197.4 114.7 1 601 60

20 1 87.6 8.4 1 65 1 25

40 77.8 2.1 60 -12

280 18.9 2.1 20 -25

290 16.5 14.7 30 50

300 14.5 14.7 40 60

L - _
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Table 4. Fighter Airplane Mission Profiles

[ Hot I Cold

I Day [ Day
__ _ _ _ __ _ _ I_ _ _

I Ambient[Fuel ISkin IFuel Skin I

Time I IPressurelTemp ITemp Temp [Temp I

Min. I % FuelI PSIA I(°F) I(oF) I(°F) I(OF) I

0.0 91.2 14.70 102 I110 -9 65

16.5 83.4 14.65 105 110 -I 65
16.5 81.1 11.96 105 155 -I 62

18.6 76.5 2.98 106 155 0 50 1

19.4 74.7 2.56 106 100 0 10 1

52.5 55.4 2.54 125 206 30 1451

153.41 53.6 1.50 1126 12121 32 11201

54.0 52.9 1.39 128 12141 34 11001

59.5 47.0 1.38 142 12221 38 11001

64.0 41.2 2.72 1150 12251 40 11301

66.7 30.3 2.72 I 155 1 230 1 45 1 150 1
68.6 25.7 I1.10 1 156 1 228 1 55 1 120 1

77.0 20.6 1.10 1 170 1 220 1 62 I 100 1
79.5 19.8 1.71 1 174 1 80 1 62 1 50 1

107.6 12.0 1.71 1 95 1 30 1 38 1 -6 1
116.6 8.2 6.73 82 1 60 1 32 I -12 1

130.8 2.2 6.75 82 1 60 1 25 1 -15 1

132.2 1.7 10.70 182 1601 25 1-151

136.9 1.3 14.59 82 60 25 -15
140.1 1.3 14.65 82 60 25 -15

.. .. . I: . . . . .
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FIRE SAFETY APPLICATIONS FOR SPACECRAFT

Robert Friedman and Sandra L. Olson
National Aeronautics and Space Administration
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Cleveland, Ohio 44135
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SUMMARY

This paper reviews fire safety for spacecraft by first describing current practices, many of which
are adapted directly from aircraft. The paper then discusses current analyses and experimental knowledge
in low-gravity combustion, with implications for fire safety. In orbiting spacecraft, the detection and
suppression of flames are strongly affected by the large reduction in buoyant flows under low gravity.
Generally, combustion intensity is reduced in low gravity. There are some notable exceptions, however,
one example being the strong enhancement of flames by low-velocity ventilation flows in space. Finally,
the paper examines the future requirements in fire safety, particularly the needs of long-duration space
stations in fire prevention, detection, extinguishment, and atmospheric control. The goal of spacecraft
fire-safety investigations is the establishment of trade-offs that promote maximum safety without hamper-
ing the useful human and scientific activities in space.

INTRODUCTION

Fire is regarded as one of the most serious threats to space travel, yet the spread of fire in space
is not well understood. Efforts to prevent and control fires in space have, to a large extent, been based
on techniques borrowed from aircraft practices. Indeed, fire potential in ground, launch, and recovery
operations for space is analogous to that in ground servicing, takeoff, and landing operations for air-
craft. Thus, present spacecraft fire safety has been promoted through strict control of materials and
atmospheres and through fire detection and suppression methods optimized for reliability and mass and
energy conservation.

For space missions of the near future, fire safety techniques must change from simple strategies
borrowed from aircraft practices to specific methods for spacecraft, compatible with the requirements of
complex, multi-mission operations. The next generation of human-crew spacecraft will be dominated by per-
manently orbiting platforms such as the prototype U.S.S.R. Mir or the planned U.S. Space Station Freedom.
The future space stations will be clusters of living quarters, laboratories, satellite launch and recovery
facilities, and industrial pilot plants, accommodating "passengers" who are scientists and observers, not
astronauts. Fire-safety techniques will strive for simplicity, standardization, practicality, minimal
impact on operations, and reasonable costs. The similarity of these objectives to present policies in
the passenger-carrying airplane fleet is inescapable.

An AGARD symposium held 14 years ago summarized the progress in aviation fire safety at that time
(Ref. I). Some of the concerns discussed at the symposium are now interests common to spacecraft and air-
craft, Including the needs for better understanding of fundamental fire-safety principles, improvements
in nonflammable materials, and the reduction of fire-generated smoke and toxic products. These specific
concerns for spacecraft fire safety have been discussed in a symposium held In the United States, aimed
at initiating studies applicable to the U.S. Space Station Freedom (Refs. 2 and 3).

This paper is a review and status report on current understanding and research directions in space-
craft fire safety. In addition to the aforementioned similarities to the aircraft environment, the paper
discusses the unique attributes of space, the most obvious of which is the almost complete absence of the
gravitational force. The behavior of flames in "microgravity" has a strong influence on fire initiation
and control. The paper also surveys the application of low-gravity combustion knowledge to provide tech-
niques of fire prevention, detection, extinguishment, and atmospheric control in spacecraft.

CURRENT SPACECRAFT FIRE-SAFETY PRACTICES

Fire Prevention in Space

Basic strategies. - Safety in human space travel has always been of paramount importance. The earli-
est space missions attempted to minimize fire hazards through stringent control of potential flammables
and sources of ignition energy. Since space vehicles were relatively simple and their operating missions
short in duration, the strategy of strict preclusion of fire-causing elements was thus practical to Imple-
ment. For new generations of space missions, this approach of "complete exclusion" for fire safety is
impractical. First, a lack of thorough understanding of fire behavior under space conditions undermines
the confidence that hazards can be completely eliminated. Second and more important, regardless of the
state of knowledge, space planners now concede that complete elimination of fire-causing elements is nei-
ther practical nor desirable if a space mission is to serve a variety of useful purposes in terms of pas-
senger, scientific, or commercial accommodations (Refs. 3 and 4). Thus, total elimination of risk is
impossible, and spacecraft fire safety becomes part of an optimum balance among safety, performance, cost.
and schedule (Refs. 5 and 6).

Figure I represents a logical approach to spacecraft fire safety based on practical strategies. The
goals of risk reduction are approached through the acceptability criteria, which include safety standards,
material test limits, operational procedures, and other factors that limit the degree of risk. The infor-
mation contributing to these acceptability decisions Is provided by the identification and assessment of
hazards and the formulation of tolerance standards to set a policy of risk limits.
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Friedman and Sacksteder (Ref. 6) have further characterized the process of risk assessment by defin-
ing simple steps of prevention, response, and recovery, based in part on the analyses of Peercy and Raasch
(Ref. 7). In brief, prevention is the original philosophy of fire safety through the strict exclusion of
fire-causing elements. Where prevention is impractical, response, that is, the identification of the haz-
ard and the limitation of the growth of an incipient fire through detection and suppression techniques is
a lesser risk option than full-scale fire control. Recovery, on the other hand, is the highest-risk
option of fighting an established fire, limiting damage, and restoring the original conditions. Space-
craft risk management, out of necessity, incorporates this entire range of risk assessment into fire-
safety programs.

Material flammability and acceptance. - The first line of defense in spacecraft fire safety is in
the limitation of materials, as far as practical, to those characterized as nonflammable. For U.S. space-
craft, the primary acceptance test is the upward flammability test, described in the NASA Handbook NHB
8060.1B (Ref. 8). The apparatus is sketched in Fig. 2. The sample material, a sheet or fabric for
example, is mounted vertically and ignited at the bottom. To pass the test, the material either resists
ignition or, if ignited, must not sustain a flame propagating more than a stated limit (15 cm at present).
Furthermore, the ignited specimen must not drip sufficiently to ignite a sheet of paper mounted below the
sample. Alternative acceptance tests are defined for flammability determination of such materials as wire
insulation, sealants, greases, and liquids that are unsuitable for evaluation in the upward flammability
test.

Cole (Ref. 9) notes that for confidence in the results of these tests, it is critical to test mate-
rial samples representative of their end-use configuration in spacecraft and to test them in the same
atmosphere as to be used in space. Since fire behavior is surely different in space than in normal grav-
ity, the safety factors provided by the normal-gravity flammability test data are uncertain. In addition,
one must realize that many essential items that will be used in spacecraft, items including some clothing.
paper, and films, are inherently flammable. The acceptance of these materials into a space environment
assumes that their potential hazards are reduced through limitations of quantity and requirements for spe-
cialized spacing, barriers, and storage.

Fire Detection Practices in Spacecraft

Detection of fire. or its precursor overheating, depends on the ability to recognize the abnormal
departure in environmental conditions known as a "fire signature" through measurement of temperature,
radiation, smoke-particle. or chemical-specie changes. Knowledge of low-gravity fire behavior leads one
to expect that fire indicators in space are different from those in normal gravity, both in the nature of
the signature and in the mode of transport of the signature to the detector sensor (Ref. 3).

Nevertheless, present fire detectors in spacecraft are adaptations of acceptable models used on air-
craft. Aircraft fire detection techniques, a subject well reviewed in recent years (Refs. 10 to 12),
incorporate several modes of detection, such as temperature sensing in engine nacelles and-cargo areas,
and radiation and smoke-particle detectors in cabin areas. The original spacecraft fire detectors were
the human crew, who could sense and detect incipient fires. The complexity and varied missions of present
spacecraft, however, make remote sensing necessary.

Figure 3 shows the fire-protection provisions in the U.S. Shuttle cabin, and the inset shows a typi-
cal detector. Nine ionization-type smoke detectors are installed in the instrument bays and crew decks of
the Shuttle (Refs. 9 and 13). Similar fire protection is provided in the Spacelab, which is a European
Space Agency laboratory chamber installed in the Shuttle payload bay in selected missions. The Shuttle
smoke detector is identical in principle to conventional aircraft and coimnercial ionization smoke detec-
tors, except for two additional features. The Shuttle smoke detector is provided with a built-in fan to
assure a contih,iJs flow of sampled atmosphere. The smoke detector also has a fine screen upstream of
the ionization Oamber to bypass larger particles and assure the entry of only submicrometer-sized parti-
cles Into the chimber. Thus, the spacecraft smoke detector can monitor air quality regardless of loca-
tion, since it maintains a continuous forced-convection flow through its sensing elements. The sampling
screen is intended to reject large particles, most likely dust, to reduce the number of false alarms
caused by these air-borne particles.

The present spacecraft fire detectors represent the best application of the state-of-the-art derived
from aircraft and ground experience. The detectors are an outgrowth of prior investigations of several
proposed techniques, including ultraviolet radiation, cloud chambers, quartz-crystal impact microbalances,
and gas samplers, for smoke and fire detection (Ref. 6). Hhile the modified ionization smoke detector
represents an optimum in terms of reliability, maintenance, minimum mass and cost factors, it cannot be
claimed to be tne most effective fo, low-gravity performance. In fact, several questions for future space
applicatic, must be resolved, namely, (I) is the screened partlcle-slze range most representative of
smoke-pirticle densities generated in incipient space fires? (2) do the placement and Internal flow per-
formance rl the detectors ensure early detection and rapid response times? and (3) how can the sensitivity
and performance of the detector be checked and calibrated under space conditions?

Fire Extinguishment Practices in Spacecraft

In space. zechniques for fire suppression may differ from those in normal-gravity situations both
because of the unusual characteristics of low-gravity fires and because of the law-gravity influence on
extinguishment delivery systems. As Is the case for fire detection, present spacecraft fire extinguishers
are adaptations of those used In aircraft cabin protection and employ mixed-phase extingulshants (foams)
or, more comonly, pressurized gases (Refs. 10 and 14).

The early human-crew spacecraft had provisions for use of food-reconstitution water guns for emer-
gency fire extinguishment (Ref. 9). The Skylab, the 1973-1974 U.S. prototype space station, was equipped
with water/foam fire extinguishers. At present, the Shuttle fire extinguishers are pressurized gas cylin-
ders, charged with bromotrifluoromethane (Halon 1301) (Fig. 4). Three fixed-position extinguisher cylin-
ders protect the instrument bays, and these may be actuated remotely from the control deck. Additional
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portable fire extinguishers are available for fire fighting in the Shuttle cabin and also in Spacelab.
These portable units can be used to suppress fires originating behind the instrument panels by inserting
the extinguisher nozzles into ports in the panels.

The choice of Halon 1301 for fire protection in the Shuttle is based on the demonstrated effective-
ness of this extinguishant (a small concentration extinguishes most fires) as well as on its inertness,
at least in small concentrations. There are, however, recognized disadvantages in the use of Halon 1301,
even for aircraft service (Refs. 12 and 14). The principal problem is that Halon 1301 extinguishes by
inhibiting the chain-branching reactions of combustion and, in the process, generates hydrogen halides
(HBr and HF). These gases are toxic and corrosive, and they can be difficult to remove in the recycling
environmental control system. Furthermore, Halon 1301 is relatively ineffective on deep-seated or smold-
ering fires, which require cooling or smothering foams for suppression. The occurrence of smoldering
fires may be reasonably probable in space, where the slow diffusion of oxygen into porous media favors
smoldering rather than flaming combustion.

A number of common extinguishing agents have been suggested as alternatives to Halon 1301 in future
spacecraft (Refs. I and 4), but each has disadvantages as well as advantages. A primary consideration in
the selection of an extinguishing agent is the effect of the potential contamination of the spacecraft
atmosphere by the agent and its reaction products. The provision for Halon 1301 onboard the U.S. Shuttle
is justified in that, for a short-duration mission, the advantages of the Halon overcome its disadvan-
tages. A discharge of the extinguishant during a mission would call for an immediate termination and
return to earth within a few hours to minimize the toxic or corrosive effects (Ref. 13). This option is
not available in future, permanent orbit missions, as in Freedom.

COMBUSTION AND FIRE IN SPACE

The Low-Gravity Environment

At the usual altitude of a few hundred kilometers for human-crew orbiting spacecraft, the Earth
gravitational acceleration is little different from that at sea level (9.8 mls

2
). The condition of the

spacecraft and its contents is that of free fall, where there Is a balance of forces with a very low net
acceleration force. Zero acceleration, or zero gravity, is approached only as a limit. In practice.
accelerations due to unbalanced drag forces and other perturbations are slight, of the order of 10

-
1 to

10
-4 

times normal Earth gravity. For combustion research, this low-gravity environment is usually called
microgravity.

The large temperature differences in flames cause density differences, which produce strong upward,
buoyant flows in normal gravity. In low gravity, flame propagation is no longer preferentially "up," and
diffusion, Stefan and other transport mechanisms, whose effects are overwhelmed by buoyancy in normal
gravity, can strongly influence flame propagation. Transport of heat by radiation may become dominant,
causing flame inhibition by cooling in some instances, causing fire propagation to adjacent surfaces in
other instances. The transport of oxygen to a flame zone by diffusion alone may be slow and inefficient
in low-gravity flames, altering the chemistry and kinetics of the combustion reaction. All these factors
can strongly affect the ignition, spread, and nature of the reduced-gravity flame.

Thus, fire safety in orbiting spacecraft requires foremost an understanding of the behavior of com-

bustion processes in low gravity, based on theoretical analyses and validating experimental data.

Brief History of Low-Gravity Combustion Research

The earliest low-gravity combustion experiments conducted wltn solid materials were performed aboard
aircraft flying over parabolic flight paths to obtain short periods of low gravity (Ref. 15). Various
polymeric materials, rubber compounds, paraffins, and paper were burned in low-pressure, pure-oxygen envi-
ronments. Burning rates in low gravity were observed to be slow, but steady-state conditions were not
achieved during the short test time.

Subsequent aircraft experiments (Ref. 16) were conducted to study the burning rates f cotton cloth
strips under various oxygen-diluent atmospheres. Burning rates were observed to increase with increasing
thermal conductivity of the inert diluent but were overall much lower in low gravity than in normal grav-
ity. Momentary slight accelerations were observed to increase the burning rates considerably, but again
the effect could not be quantified because steady-state was not achieved.

A series of drop towet experiments were conducted in the early 1970's (Refs. 17 to 19) to examine
the effects of oxygen concentration and pressure on the burning rates of cellulose acetate. These test
results indicated that low-gravity flame-spread rates are neariy the same, or slightly lower, than normal-
gravity spread rates and are a function of material thickness. The flame-spread rate of the thinnest
materials is comparable to normal-gravity rates, but the rates of thick materials are considerably less
than those In normal gravity.

The only on-orbit combustion experiments to date were direct continuations of the early aircraft
tests. Aluminized mylar, nylon, neoprene-coated nylon fabric. polyurethane foam, paper, and Teflon fabric
were studied aboard Skylab 4 In 1974 (Ref. 20), in a 0.04-cubic meter spherical combustion apparatus
(Fig. 5). In addition to tests of the burning rates of the materials noted, the Skylab experiments stud-
ied the spread of fire to adjacent materials as well as the extinguishment of the burning material through
wdter sprays or venting to the vacuum of space. Qualitative results from these tests were recorded by a
16-inu color movie camera. Burning rates were observed In general to be mucn slower in low gravity than
in normal gravity. Figure 6 shows the spherical flame generated by burning a polyurethane sample in low
gravity. Fires were observed to spread from one material to another over a gap of 1.3 cm. In the venting
tests, it was noted that air flow caused by esacuatlon of the atmosphere greatly intensifies the burning
rates for a brief period of time before causing extinguishment in the near-vacuum. It was concluded from
this observation that, unless the evacuation time is short, the enhanced combustion due to the air motion
could do considerable damage before extinction occurred. Hater extinguishment was successful in some
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cases. However, when the water spray was not carefully dispersed, the water was observed to scatter burn-
ing materials rather than extinguish them.

Based upon these simple low-gravity combustion tests, Kimzey observed that, because low-gravity burn-
ing rates are slower and show no tendency to increase with time as is usual in normal-gravity upward burn-
ing, normal-gravity flamability tests (Ref. 8) provide adequate, conservative standards for low-gravity
material acceptance. Recently, the sufficiency of normal-gravity tests to characterize low-gravity flam-
mability has been questioned. Of particular concern is the observation from the early tests that, if some
convection is imposed on the burning material in low gravity (due to accelerations, venting, or air circu-
lation), the burning rate intensifies considerably. The U.S. Shuttle and Space Station Freedom must have
air circulation systems to provide a constant flow of air through the cabin; and, as an example, the Shut-
tle closed-loop air circulation system provides nominal air velocities between 8 and 20 cm/s throughout
the crew cabin (Ref. 21). Thus, as the fire-detection systems and extinguishment systems are being
designed for Freedom, further knowledge of the hazards of fire in space is essential.

In response to this renewpd concern, a comprehensive, continuing experimental and model development
program is being conducted to study the effects of oxygen concentration, material thickness, and flow on
combustion of materials in low and partial-gravity environments. Figure 7 shows the evolution of experi-
mental hardware to study solid-material flammability in low gravity. The airplane test package was the
earliest apparatus (Ref. 15), which served as a model for the Skylab tests cited here. The drop-tower
package is an apparatus currently in use at the U.S. NASA Lewis Research Center to study effects of atmo-
spheres, inertants, and ventilation flow on paper combustion. The Solid Surface Combustion Experiment
(Ref. 22) is a flight package designed for long-duration tests in the Shuttle, scheduled to fly at the
earliest opportunity, probably in 1990.

Low-Gravity Combustion Parameters of Concern for Fire Safety

The modeling and experimental results to date have given an improved understanding of what factors
are important In assessing the fire hazard in a low-gravity environment. To illustrate, typical normal
and low-gravity flames in thin solid fuels are drawn schematically in Fig. 8. In general, the flames in
low gravity are observed to be cooler and more diffuse than their normal-gravity counterparts. The flame
is larger and establishes itself further from the fuel surface than normal-gravity flames. Large soot
particles are seen to escape from the flame zone in low gravity, and the color of these radiant particles
change as they cool, from orange to dull red to black (Ref. 23).

Material properties. - Material properties play an important role in the combustion process in low
gravity. Materials that melt as they burn may boil at their surface, and the pulsating flame that results
is due to the unsteady rate of vapcrization from the boiling fuel. Nylon samples in the Skylab tests
(Ref. 20) and nylon velcro in drop tower tests (Ref. 24) were observed to burn in this manner. The vis-
cosity of the solid-fuel melt could also be a factor in the hazard o f fire spread, because gaseous bubbles
breaking through the liquid surface can propel molten and burning chunks of fuel into the gas phase to
drift away until they impact on another (possibly flammable) surface. The expulsion of burning droplets
of molten fuel has been observed in drop tower tests with nylon Velcro. Figurp 9 shows a photograph of
burning droplets leaving the flame zone of the burning material, along with a sketch interpreting the pho-
tograph. Droplet expulsion appears to be enhanced by a slow air motions past the sample, which also
increase the overall burning rate considerably (Ref. 24).

Another material property which has been found to be important in low gravity combustion is the mate-
rial thickness. In normal gravity, the flame-spread rate varies inversely with material thickness
throughout the flammability region. In low gravity, the same relationship holds except near the extinc-
tion limit (minimum oxygen concentration) where the flame-spread rate for these flames decreases more
strongly with increasing material thickness (Ref. 25). Further studies are needed, however, to quantify
the thickness effect in low gravity more completely.

Atmos'heric composition. - Inert gases such as nitrogen also have an irportant role in the burning
process. It is known from normal-gravity testing that, for a constant partial pressure of oxygen, flammra-
bility decreases if the total pressure is increased by adding atmospheric diluent. This is because the
combustion energy absorbed in heating the inert gas reduces the flame temperature. Therefore, although
it has yet to be studied comprehensively in low gravity, inert pressurization with high heat-capacity
gases appears to be an excellent candidate for fire prevention.

Inert gases also affect the combustion process by acting as a heat transfer medium from the flame to
the fuel. Normal and low-gravity experiments have demonstrated that the thermal conductivity of the inert
gas directly affects the burning rate; the higher the thermal conductivity, the faster the material will
burn. Helium, for example, transfers heat very rapidly, and so materials in a helium-oxygen environment
burn more quickly than the same materials in comparable nitrogen-oxygen environments. Thus it is
desirable for further research in fire prevention, to consider diluents with a high heat capacity but a
low thermal conductivity.

Oxygen concentration In the environment has probably been the most studied parameter in low-gravity
combustion research. The early tests focused on low-pressure, high-oxygen-concentration atmospheres
because these atmospheres corresponded to the spacecraft practice at that time. U.S. human-crew space-
craft since the Apollo era have been designed for a low-oxygen concentration to reduce the fire hazard.
The Shuttle currently uses standaro sea-level air as Its baseline atmosphere, although an elevated oxygen
atmosphere is introduced in preparation for extravehicular activities.

Increasing oxygen concentration increases the burning rates of most, if not all, solid materials.
Figure 10 shows how the flame-spread rate for paper changes as the oxygen concentration is increased
(Ref. 25). For flames in high-oxygen concentrations far from the extinction limit, normal and low-gravity
flame-spread rates are identical and linear with oxygen concentration; gravity plays no discernible role
in the flame-spread process. Near the extinction limit, however, flame-spread rates decrease rapidly with
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decreasing oxygen concentration; and the low-gravity flame-spread rates are lower than the normal-gravity
counterpart rates.

Radiation and extinction limits. - The data illustrated in Fig. 10 show the extinction limits in
both normal gravity and low gravity. The cause of extinction is believed to be different for the two
gravity situations. In normal gravity, flame extinction is usually caused by "blowoff." or the excessive
gravity-induced convective removal of heat, usually due to buoyant flows. Blowoff occurs, for example.
when you blow out a match. In low gravity, however, there are no gravity-induced convection flows, but
the cooler flames are more sensitive to heat losses than normal-gravity flames. Experimental results
suggest that radiative heat loss from the borning fuel surface, or quenching (i.e., rapid cooling), is
the probable cause of extinction in low gravity (Ref. 23).

Convective heat transfer in low gravity is greatly reduced because of the elimination of buoyancy-
induced flows, and conductive heat transfer appears to be reduced because flames are observed to be fur-
ther from the fuel surface. Thus the relative importance of radiative heat transfer, either from the
solid surface or from the flame zone. is greater. Radiative heat transfer can, as postulated above,
cause flame extinction, or it can cause ignition of a fuel surface in the absence of convective cooling.

Ventilation and forced convection. - In the absence of buoyant flow, the dominant flow imposed upon a
burning surface in spacecraft would be due to the ventilation system. The early low-gravity tests indi-
cated that flow enhances combustion, and more recent quantitative tests have supported these early quali-
tative results (Refs. 23, 26, and 27). Figure 11 is a summary of the effect of air velocity on the
flame-spread rate over paper. At near-quiescent conditions, attainable only at low gravity, the flame-
spread rate is low. As the air velocity is increased in a direction counter to the flame spread, fresh
oxygen is brought into the flame zone by forced convection; and the flame-spread rate increases rapidly
with air velocity. On the other hand, at high air velocities typical of buoyancy-driven normal-gravity
air velocities, the flame-spread rate decreases with increasing air velocity due to "blowoff," the convec-
tive cooling and dilution of the flame zone. The important concern for fire safety is in the range of
intermediate velocities where flame-spread rates can be greater than the typical normal-gravity flame-
spread rate. While the quantitative extent of this enhanced flame-spread-rate zone is not fully defined
by experiments, it appears to lie within the range of typical spacecraft ventilation-air velocities.

Figure 12 describes the air-velocity effects as a flammability map for paper, which indicates the
atmospheric conditions (oxygen concentration and flow velocity) over which the material will or will not
burn. As is the case for flame-spread rates shown in Fig. 11, flammability increases (lower oxygen lim-
its) at low air velocities, typical of low gravity, but decreases at high air velocities, typical of nor-
mal gravity with buoyant flow. Again, the maximum fire hazard for paper appears to be at intermediate
forced-flow velocities attained in low gravity (in the range of current Shuttle ventilation velocities).
Under these conditions, the material may burn at oxygen concentrations as low as 15 percent, which is
below the measured downward-spread flammability limit in normal gravity with no forced convection.

Application of Low-Gravity Combustion Knowledge to Fire Safety

Much has been done since the Apollo era to improve the safety of spacecraft. The major improvement
in the fire safety area has been to reduce the oxygen concentration from pure oxygen to that of sea-level
air. Although humans can tolerate even lower oxygen atmospheres, reducing the oxygen concentration below
that of air can adversely affect the mission usefulness, in terms of passengers, scientific, and commer-
cial accommodation.

The reduction of oxygen concentration to that of air was an obvious improvement because this is the
normal baseline atmosphere; and most, if not all, materials are more flammable in higher oxygen concentra-
tions. Other fire-safety changes are not as feasible for adaptation. For example, the thicker the mate-
rial the slower it burns, so it would seem to be logical to use potentially flammable materials in as
thick a section as practical. However, this design concept is inconsistent with a common-sense approach
of limiting the total quantity of flammable materials.

Actual low-gravity testing of all materials to fly in space is obviously not feasible at present.
Current test methods reflect our understanding of flammability in normal gravity, but they fail to
include some of the unique hazards associated with low gravity. These concerns include the enhanced
low-gravity burning rate associated with forced-convection flows, the spread of fire by expulsion of hot
particles from melting plastics, and the flammable, persistent aerosols created by spills of fluids or
powders. In addition, some assessment of the potential for smoldering must be devised. Smoldering solids
may burn undetected for hours or days, and even if flaming combustion never occurs, the build up of toxic
products in the atmosphere is a serious danger to the environmental-control and life-support system.

Furthermore, investigation of the Influence of low-gravity combustion processes on fire detection
and fire extinguishment is needed for intelligent protection of the long-term habitation environments in
space. Potential designs for fire detectors and fire extinguishers need to be tested in real low-gravity
fire situations. Application of low-gravity combustion knowledge can also influence operational proce-
dures to determine what improvements can be made to reduce the fire hazard while minimizing the inconven-
ience of safety regulations on the day-to-day activities of the crew.

FIRE SAFETY FOR FUTURE SPACECRAFT

The U.S. Space Station Freedom

Freedom, a permanent vehicle In low earth orbit, is a space station to be placed in operation in the
next decade. Freedom is conceived as a cluster of elements devoted to satellite servicing, scientific
and commercial space activities. and long-duration human habitation. The center of Freedom is the group-
ing of modules with interconnecting nodes and airlocks (Fig. 13). The main components are the habitation
module for a crew of perhaps eight persons, the supply module, and three laboratory (and workshop)
modules, with projects and personnel from several NATO nations and Japan, as well as the U.S.
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The permanent installation and long-duration missions of Freedom will increase the probability of the
occurrence of a fire. Since rescue and resupply flights cannot be immxaediately available, perhaps taking
30 days or longer to arrange, safety planning must assume that all fire controls and recovery supplies
are contained within Freedom. In this respect, the interconnecting. "ladder" arrangement of the modules
(Fig. 13) assures at least two paths of egress from each module, a haven for the crew in any node. and a
means of closing off a damaged module without blocking access to any other module or node.

As stated earlier, the goal of fire safety in Freedom is the minimization of risk, rather than zero
risk. That is, small tolerable threats are balanced against the constraints of practicality, operations.
and economics (Refs. 5 and 6). A space station must accommxodate living and recreational activities, as
well as scientific and industrial operations, all of which require the possible introduction of flammable
materials, heating and energetic operations with no satisfactory substitutes. The challenge to spacecraft
fire-safety designs and techniques is obvious.

Submarine and Aircraft Analogies

Spacecraft fire-safety practices have been modeled on, and will continue to derive from, techniques
and experiences established for the enclosed compartments of aircraft and submarines (Ref. 28). The sub-
marine operates in a hostile external environment, supplies its own recycled atmosphere, and depends on
self-contained fire detection and suppression systems. The spacecraft, however, has obvious differences
because of its low-gravity exposure and the inability to extract oxygen from the surrounding atmosphere.
(Submarines can generate oxygen from sea water.) In addition, submarines may surface for personnel evacu-
ation if a fire becomes wide spread.

One set of submarine fire-protection investigations of interest for potential spacecraft application
is that of fire-safe atmospheres. The smail-scaie combustion studies promoting low-oxygen atmospheres
for fire prevention have already been discussed in a previous section. Gann et al. (Ref. 29) described
simulation-chamber tests of nitrogen flooding for submarine fire fighting, where excess nitrogen lowers
the oxygen content while retaining the oxygen partial pressure at tolerable levels for humans. An alter-
native approach, more suitable for spacecraft applications, is to maintain a constant total pressure with
a reduced oxygen partial-pressure level based on minimum levels from high-altitude human experience.
Allowable limits for low-oxygen atmospheres have been discussed by Horrigan (Ref. 30). and the fire-
protection aspects have been presented in a spacecraft atmosphere selection forum summarized in Ref. I.
Another alternative method involves the substitution of a high molar-heat-capacity inert gas, such as CF4
or SF6 . for nitrogen in the atmosphere (Ref. 31 The diluent will suppress combustion by lowering the
flame temperature. Nevertheless, the use of fire-safe atmospheres on spacecraft must await the definition
and implementation of long-duration testing of human responses and efficiency in the respective atmo-
spheres. In any event, there are formidable structural and operational difficulties to the general adop-
tion of atmospheres other than "air" in future spacecraft.

Of greater interest, however, is the use of inerting atmospheres in specific, uninhabited volumes,
such as in electrical power cabinets. A promising source of an inerting atmosphere, already under inves-
tigation for military-aircraft fuel-tank inerting, is onboard inert-gas generation. This technique
involves the removal of some of the atmospheric oxygen by molecular-sieve cr permeable-membrane separa-
tors (Refs. 32 and 33). In spacecraft practice, an inert gas retaining 6 percent or greater oxygen con-
centration may be effectively fire-safe. In contrast to the once-through aircraft inerting system, the
gases from the spacecraft inerting system would be recycled, and both the Inert gas and the separated oxy-
gen would be recovered and combined to regenerate part of the breathing atmosphere.

Research and Technology Trends

Fire prevention. - Adequate screening of materials for onboard use has been a long-time concern for
both aircraft and spacecraft, and this concern has spurred the development of new plastic and composite
materials with low-flamability characteristics. The principal acceptance test for NASA spacecraft mate-
rials, the upward propagation test (Fig. 2), has already been described in this paper. In low gravity,
since flammability is often reduced for solid materials, the normal-gravity test may offer an adequate
margin of safety for spacecraft acceptance. There may be exceptions to this supposition, however. For
example, the low-gravity tests on Velcro specimens, already cited (Ref. 24), showed that the random expul-
sion of hot particles from burning plastics may create an additional ignition hazard in space. It has
also been noted that low-gravity combustion may be greatly enhanced by even low levels of ventilation air
flows. At present, however, the correlation of small-scale test results to the ventilation-flow environ-
ment of the Space Station Freedom, for example, is unknown. Thus, it is important to continue research
on low-gravity combustion with the major objective of providing understanding of processes to establish
safety levels for long-duration space station needs. In addition, fire-risk analyses for spaLe must
assume that, even if satisfactory assessments of low-gravity flammability are defined, some flammable
materials will still have to be tolerated onboard Freedom because many useful human and scientific activi-
ties require hazardous materials and procedures. Fire-safety strategies will approach fire prevention
through compartmental inerting, fire-safe storage, configuration controls, and material quantity and sepa-
ration minimums. As the second line of defense, provisions for fire detection and extinguishment, which
assume the probability of an incipient fie, become of great importance.

fire detection. - Spacecraft specialists are aware that present fire-detection techniques, while ade-
quate for the short-duration Shuttle missions, require considerably more knowledge and development for
space-station applications. Obviously, one requirement is more information on expected fire signatures
under low gravity. As noted earlier in this paper, studies show that low-gravity flames are generally
cooler, sootier, and slower propagating than their nomal-gravity counterparts, and these characteristics
affect the techniques of detection. It appears that smoldering combustion may be possible in space,
because the slow transport of oxygen into porous media (foams, waste containers) can promote this rather
than flaming combustion, Smoldering combustion generates large smoke particles, and detectors would have
to be tuned to recognize these particles as fire signatures. Finally, the transport of various fire sig-
natures is also changed in low gravity. Since it is impractical to instrument space modules completely, a
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limited number of fire detectors must be judiciously placed to intercept the most probable pathways of
fire-signature agents.

Placement of fire detectors planned for Space Station Freedom can take advantage of ventilation duct-

ing for efficient monitoring of the atmosphere and potential fire radiation. The type and design of sen-
sors are still under discussion, and it is likely that fire protection in Freedom will incorporate sensors
of several generic types. Thus, the complete fire-detector system would include smoke, chemical, radia-
tion, and overheat sensors, whose coverage could be augmented by extensions, such as rotating mirrors,
fibers optics, or sampling tubes.

Adequate sensitivity of fire detectors is a problem common to ground and aircraft systems. Fire
detectors must respond to minimum fire-signature thresholds yet reject extraneous signals that cause false
alarms. An extensive survov of conxn.rcia) experience cites a 14 to I ratio of false alarms from smoking,
cooking, dust, and so on, to real alarms in smoke detectors (Ref. 34). Thus, promising approaches for
high-sensitivity detector systems less prone to false alarms may incorporate multiple sensors with deci-
sion logic to define the alarm conditions with adjustable sensitivities (Refs. 6 and 12).

Fire extinguishment. - A parallel concern for spacecraft fire extinguishment arises from the evidence
that the Halon 1301 fire extinguisher, while adequate for the short-duration Shttle missions, requires
consieerable improvement or replacement for space-station applications. In long-duration spacecraft, the
environmental problems with the use of Halons are of great concern. An ideal, substitute low-gravity
extinguishant should be effective (minimum quantity required) for all anticipated fire scenarios, conven-
ient for delivery to the fire, and readily removable, in both its original and reacted states, from the
atmosphere.

Several types of extinguishing systems are being considered for future spacecraft. For example,
deionized water and foam systems have been proposed for further study in recent review papers (Refs. I

and 4). Water is efficient as an extinguishant, creates no undesirable reaction products, and is readily
removable from the atmosphere. The effective contiol and dispersement of water sprays in low gravity are
formidable technology problems, however. A more practical approach employs gaseous extinguishers, and
carbon dioxide is favored in the initial plan for Space Station Freedom. The strong advantage of carbon
dioxide is that it is readily removable by any spacecraft environmental control system. Carbon dioxide
is recognized, however, as a relatively inefficient extinguishant, and the large concentration required

for effective fire suppression may be hazardous to the crew as an asphyxiant (Refs 32 and 35). The same
arguments may support or disqualify nitrogen as a fire extinguishant, although nitrogen is an ideal dilu-
ent for inerting of uninhabited compartments, a technique already discussed.

Venting to the vacuum of space is an ultimate fire-extinguishing method available to spacecraft. A

difficult fire can be completely controlled by venting after the escape of the crew and sealing of the
fire-stricken compartment. Venting need only proceed to a point where the retained oxygen partial pres-
sure is low enough to suppress combustion, which makes later reconstitution of the atmosphere less demand-
ing. The small-scale Sky'ab experiments of Kimzey (Ref. 15), cited in a previous section. showed that
the air motion induced by venting can temporarily increase flame spread and may cause additional fire
damage before the fire is extinguished.

Human factors. - The completely closed cycle and limited resupply capabilities in spacecraft
atmospheres cause the threat of contamination to be greatly feared, even more so than in the closed-
environment counterparts of submarines and aircraft. For Space Station Freedom, evaluation and selection
of fire-control systems will depend strongly on internal environmental impacts. In summary, it is impor-
tant to emphasize that the greatest danger from fire, its pretursors (overheating, pyrolysis, and smolder-
ing) and its extinguishment, lies in the toxicity of the products and not in the thermal effects or
structural damage. Human responses, including safety enforcement, fire drills, escape modes, and reslue
may be modeled to a great extent on practices established for aircraft. Important decisions in futu'e
spacecraft planning will be on the relative reliance on manual versus automated responses. As spacecraft
and their missions become more complex, there is a greater need to invest in automatic systems for protec-
tion of unattended compartments and to insure rapid and predictable responses to emergencies. Neverthe-
less, strong arguments can be advanced to retain many human-detection options. The value of Space Station
Freedom Is increased if users are confident that irreplaceable projects are protected not only from fire

effects but also from damage throuOh inadvertent shutdown or false-alarm extinguishant release.

Fire-Safety Research in Space

As discussed earlier, analytical modeling and simulation-facility experiments are necessary and valu-

able for small-scale studies of microgravity combustion pertinent to fire-safety understanding. What is
lacking, of course, is the capability to conduct low-gravity, long-duration tests on, for example, mate-
rial flammability, s.oldering, fire-signature identification, detector response and calibration, extin-

guishant delivery and effectiveness, and human response modes. The U.S. Shuttle incorporates the best
available technology in its fire detection and suppression systems. These systems cannot be verified in
true space conditions, but this lack is compensated by the extremely low probability of a fire during a
short-duration mission and the ability to terminate a mission and return to earth promptly. The perma-
nent habitation and long-duration mission of the Space Station Freedom, however, present more serious
problems for the development of fire-protection systems, requiring some degree of in-space testing and
verifying.

As a practical matter, development and demonstration of fire prevention, detection, and suppression

policies and techniques for Freedom will need a compromise to simplify validatior through effective use

of analytical knowledge and small-scale simulation testing. There are hopes that some timely tests and
demonstrations can be conducted in future Shuttle missions up to the time of the construction and assem-
bly of Freedom in orbit.

The Space Station Freedom itself is the ideal facility for long-duration fire-safety testing for
space. The space-station laboratory modules are equipped with power, utilities, and standardized rdcks
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for mounting experiments to exploit the microgravity environment in the modules. One definition concept
for installation in a Freedom laboratory module, shown in Fig. 14, consists of a combustion chamber to be
mounted in one rack with associated data and power systems in an adjoining rack (Ref. 36). Such a facil-
ity, which is one of several under active design consideration by NASA, can accommodate multiple experi-
ment functions, including investigations of ignition, flame spread, flammruability, combustion products,
and flame suppression.

CONCLUDING REMARKS

This paper is a review of the knowledge, techniques, and future trends in spacecraft fire safety.
It is clear that aircraft fire-safety strategies and hardware serve as important models for corresponding
measures in space. The overwhelhning difference in space is the negligible gravitation body force, a situ-
ation that profoundly influences fires, their detection, and their control. Another operational differ-
ence affecting fire safety is that spacecraft of the future must be completely self-contained: the
atmospheric, fire-fighting, and rescue resources are all maintained by the spacecraft logistic supplies.

For the present 'he fire safety provisions in the U.S. Shuttle appear adequate for they are based on
selected applications of proven techniques in ground and aircraft fire safety. What is lacking for con-
tinued safety in future long-duration missions is a better understanding of low-gravity combustion and its
application to spacecraft fire safety. Analyses and small-scale experiments indicate that the lack of
natural convection (absence of gravity-driven buoyancy) may generally inhibit combustion, producing
cooler, less efficient flames. Special circumstances, in contrast, may increase fire dangers in space.
The most important is the demonstrated enhancement of low-gravity combustion by low flow rates of ventila-
tion. Regardless of the relative danger of fire in low gravity compared to normal gravity, it is clear
that the unique characteristics of fires in space require innovative techniques in fire prevention, detec-
tion, and extinguishment.

Design and research are underway for the U.S. Space Station Freedom, a multipurpose space community,
to be permanently placed in a low-earth orbit. For Freedcm, it is necessary to devise reasonable material
flammability acceptance policies, consistent with present knowledge of space behavior. Fire detection for
this spacecraft must recognize the potential fire signatures in low gravity and devise systems of adequate
sensitivity yet perceptive enough to reject false alarms, with added proision for in-flight checks and
calibrations. Fire extinguishment for Freedom must be efficient, suitable for operation in low gravity
and, above all, uncontaminating and removable from the closed atmospheric system. Crew training and
escape modes must be devised to consider the probability of fires occurring in space and their spread and
hazards in low gravity

Finally, :pacecraft fire safety can no longer rely on strict rules, devised for short-term missions.
Fire safety for future spacecraft, like Freedom, must be flexible and realistic, similar to policies in
place for aircraft. The goal of spacecraft fire safety will be a compromise to achieve the lowest practi-
cal risk level consistent with the promotion of useful functions of habitation, science, and commercial
operations in the spacecraft.
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DISCUSSION

R.GALEA
1. Where do you locate smoke detectors?
2. Are water mist systems being considered to combat space

fires?
3. Are mathematical field models used to investigate space

fires, in particular smoulding fire situations?

AUTHOR's REPLY.
1. The locations will be selected as most advantageous

for sampling the recirculating ventilation flows. Whether these
points represent optima for potential smoke-flow pattern sampling
is as yet unknown.

2. Fundamental studies of any type of extinguishing agent
or system for space are most desirable. However for preliminary
design of practical extinguishers, only gaseous systems are
under investigation. The control, delivery and post-fire clean-
up of water-spray systems pose formidable problems in low-gra-
vity applications.

3. Fire models are recognised as valuable and eventually
as essential tools for the prediction and design of space-craft
fire savety systems. At present,however, even simplified zone
models have not been devised or applied to the spacecraft
configurations.

J.R. TILSTON
In the case of an aircraft cabin fire on an intercontinental

flight where long time survival is critical, what value do you
see in reducing cabin pressure in order to produce a non combus-
tion supporting atmosphere'
AUTHOR's REPLY:

There are two possible benefits of reduced cabin pressure
for fire safety in spaceceraft.l. a carefully controlled atmos-
pherecan be fire-safe in that contains sufficient oxygen quan-
tities but a reduced oxygen concentration. 2. after escape of
occupants to a safe adjoining chamber, a difficult fire in an
isolated volume can surely be extinguished by venting the volume
to the vacuum of space.Whether the latter has practical impli-
cations for commercial aircraft, I cannot say.

G. WINTERFELD
Could you comment on the possible use of ballistic aircraft

flights in order to increase testing time under low gravity
conditions compared to the 5 seconds in the drop tower

9

AUTHOR's REPLY.
The two NASA research aircraft fly ballistic patterns,

providing about 20 seconds of acceptable low gravity conditions.
The use of these airplanes for testing at reduced or vaxiable
gravity is very promising for such studies as combustion with
airflow concurrent with the flamespread.

G.J.TRELOAR
With regard to the selection of materials and reference

to aircraft practice, you discussed onlyflammability testing.
Should you not consider a full package of tests as per ATS 10009

AUTHOR's REPLY:
It is something to be considered although I recognised that

at present the concepts and materials acceptance for aircraft and
space are quite different.
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FIRE SC0C AND AIRC~hFT SAFETY

COX, G Fire Research Station
Borehamwood, England

MOSS, J.B. School of Mechanical Engineering
Cranfield Institute of Technology
Bedford, England

The increased awareness of fire hazards in both passenger transport and buildings has precipitated a
reappraisal of models of fire spread embracing both empirical and more fundamentally-based computational
approaches. The paper describes recent developments in the fire science-related aspects of such hazards,
contrasting the broad strategies adopted with those applied in the more highly developed combustion
technologies.

It seeks to demonstrate how current capabilities and future developments, particularly in the
computational modelling of fire, and driven primarily by the study of fires in building enclosures, might
be utilised to guide layout, design and the selection of furnishing materials in aircraft cabins.

Examples of current capabilities of computational fluid dynamic models in describing such critical fire
phenomena as smoke movement, fire growth and flame spread are presented.

1. Introduction

One way or another, the release of energy from the combustion of hydrocarbon fuels is used within the
propulsive powerplants of nearly all modern transport vehicles. Much research and development effort
continues to be expended on these controlled combustion processes in order to improvE their efficiency
and reduce their pollutant yield. By carrying large quantities of aviation fuel and lutricants, however.
the potential for uncontrolled combustion in air transport is particularly great.

Whilst much success has been reported in minimising the fire hazard due to fuel spillage, accident
statistics for transport aircraft suggest that it is the post-crash fire which poses the most serious
threat to the safety of aircraft occupants. A key feature of attempts to reduce both this threat and
that due to the in-flight fire is a more thorough understanding of the consequences of a particular
choice of cabin d~sign and internal furnishing materials. With such an understanding it is possible for
both designer and legislator to ensure optimum fire safety for reasonable cost.

It was for this purpose - what might now be termed building control - that primitive attempts to design
for fire began. The progress that is today evident in the subjects of fire science and engineering has
been driven primarily by national concerns for fire safety in buildings.

Although the contrasts between the building and aircraft industries corld not be greater in terms of
their stance towards new technology, the laws of physics are the same for both and much of the research
that has been undertaken with initial concern for buildings is appleAble to aircraft.

Unfortunately the requirements of comfort and of fire safety, whether in relation to habitation or
transport, tend to conflbct. The very materials that are comfortable to sit on also have low thermal
inertia. Their surfaces quickly heat up to our own body temperature and so feel warm. In the event of
fire they can also heat and ignite rapidly, ultimately giving rise to the draratic fire growth known as
flashover. Fire is distinguished from most other combustion systems by the strong coupling between
radiant heat from the combustion products of the initiating fire and the further potential fuel in the
form of furnishings and linings. in the open this process may be relati,,ely benign but within the
confines of an enclosure, such as a room in a building or an aircraft cabin, the combustion products are
constrained to move above the potential fuel, thus giving rise to the possiblity of heating it to the
point at which all the fuel ignites, often simultaneously. This is just one possible manifestation of
the phenomenon known as flashover.

Whilst life may be tenable within an aircraft cabin before flashover, there is little doubt that it is
impossible aftervards. Most attempts to control the hazard from fire are concerned therefore with
delaying the onset of flashover within the enclosure and indeed, where possible, using compartmentation
to limit the physical extent of fire growth.

it is the coupling between the fire source and the structure containing it which makes the fire such a
complex problem to analyse. There are a number of differences between buildings and aircraft which must
be considered when attempting any technology transfer. Aircraft cabins are characteristically long with
a narrow cross-section; buildings, with the exception of tunnels and corridors, are not. Current
ventilation systems on aircraft act in opposition to natural buoyancy forces generated by a fire. They
introduce fresh air at high level and extract at low level. Building design by contrast attempts to use
the buoyancy forces that a fire would generate to help keep combustion products above the heads of the
occupants. Furthermore, aircraft cabins are generally better th.wrmally insulated than most buildings
thereby ensuring that, in the event of fire, little of the heat evolved is lost to the structure. This
can have an important effect on reducing the time to flashover even if the insulation is non-combustible.
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it is now broadly accepted that the analysis of such phenomena within the broader field of fire
engineering will concern the application of various levels of mathematical fire model. The wide variety
of possible hazard scenarios and the cost of mounting experimental tests at realistic scales have
encouraged the greater application of comrptational simulation. This clearly echoes other developments
in the aerospace industry where significant cost benefits are claimed for design using the new technology
of computational fluid dynamics (CFD). We shall return to the topic of CFD in more detail later in the
paper.

Progress with such modelling will affect not only design per se but also the development of new, or the
modification of old, flammability testing methods, the traditional instrument of regulatory control.
within the last decade, and partly driven by the needs of mathematical modelling, a reappraisal of
flammability testing has been undertaken resulting in some new methods that provide quantitative material
property information rather than just their ranking order.

Whilst the selection of products used in the furnishing of cabin interiors is important to ensure that
they are not easily ignited from small accidental sources of ignition, such actions may have little value
under the high heat stress conditions induced through an external fire. under such conditions it is the
consequent rate of addition of heat from new fuel that will determine the rate of growth of fire in the
cabin. This controls the rate at which combustion products are driven down the length of the cabin; the
resulting volume and temperature of those products in turn determine heat transfer to fuel ahead of the
fire source and thus the onset of flashover.

we shall return to these matters, as they relate to aircraft cabin fires, in section 3, we first outline
briefly the present status of computationally-based models of fire growth and smoke movement in
enclosures. Although contributing only a part of an overall hazard assessmen., these models do represent
one of the more influentia, recent developments in fire science.

2. Fire Modelliny

strategies for the mathematical simolation of fire in enclosures fall broadly into one of two categories.
These are cramonly referred to as either zone or field models. Their essential difference is in the way
that they treat the gas phase and, in addition, their respective demands upon empiricism.

The most commonly employed zone models use essentially a one dimensional treatment to describe the
filling of an enclosure with hot combustion gases. They assume that it fills from the ceiling downwards
in the comparatively uniform manner of an inverted "bathtub" filling with water. Field models, in
contrast, make no such assumptions about how the enclosure fills but use the techniques of computational
fluid dynamics to determine the detailed local progress of the combustion products within the fire
domain, finely resolved in the three space dimensions.

(i) Zone Models

The computer zone model, pioneered in the building context most successfully by Emmons and Hitler
divides the domain of interest into a small number of readily identifiable zones. in addition to the
one-dimensional hot gas layer which grows at the expense of the lower, colder air layer, a thermal plume
emanating at the fire describes a second zone which transfers mass and energy between these layers. For
a naturally ventilated enclosure an inverted weir equation describes the flow if hot gases out through
windows or doorways. This can be replaced by a prescribed extraction rate for a forced ventilated
problem. In addition to these zones which determine the mass flow, a flame cone is included which
together with the hot layer and enclosure boundaries radiate to unburnt fuel elsewhere within the
enclosure. This fuel will ignite and generate a second thermal plume if specified ignition criteria are
met.

An example of this type of model which has been applied to aircraft cabin fires is the DACFIP, program2 ,
cf Fig. 1.

This modelling approach is a development of earlier two zone models3 that had precede the application of
the modern electronic computer to fire problems. Its chief advantage is its relative simplicity and low
computational cost but the modular approach also allows individual component treatments to be refined as
new studies improve understanding. This modularity can also be a disadvantage however. In particular,
the flow pattern to be expected in a given scenario has to be assumed, a priori, so that modules can be
chosen which most closely represent that situation. Most existing zone models have been developed
primarily for enclosures or groups of enclosures that are "room" sized where the one-dimensional hot
layer treatment is most likely to be satisfactory. They should not be expected to apply without
significant modification to say an aircraft hangar or large airport terminal building nor to an inflight
fire in an aircraft cabin where air, for example, is introduced at high level and removed at low level.
It is of course possible to construct different zone models for particular classes of problem. In the
case of a post-crash cabin fire, a time-dependent ceiling jet can be incoporated to describe the flow of
cocbstion products along the length of the cabin ceiling, for example, and a number of such refinements,
including inter-layer mixing and wall jets, have already been reported ". A substantial programme of
fire research directed towards the aircraft cabin fire and using this philosophy has been underway in the
US for a number of years. Individual modular treetpents for heat transfer to flammable walls and
ceilings, for example, have been described elsewhere
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(ii) Field Models

The alternative to this approach is a higher level, ouch more detailed, model which seeks to incorporate
all the important physical and chemical processes in quantitative predictions. This is the goal of the
field model. The term, so called because it solves the fluid dynamic field equations, is used to
describe Ihe application of computational fluid dynamics (CFD) to the problem of fire sirmlation. All
such approaches exhibit cosmon features. They start with the 'exact' instantaneous partial differential
equation set describing local conservation principles. These are then solved subject to the following
critical decisions:

(a) how to treat the problem of turbulent closure

(b) which algorithm is to be used to calculate the numerical solution of these equations at interior
points of the flow domain

(c) how to properly approximate boundary conditions along the domain boundaries and

(d) how to treat specific combustion chemistry or multi-phase flows.

A ss mmary of the current status of fire simulation using field modelling will now be presented.

The basic equation set for the simulation of fires in enclosures comprises time-averaged conservation
equations for mass, momentum, energy and chemical species of the general form

a (PO) a (eu't a rao '
- + - -IS (1)
at ax, ax1 I x,)

time rate~ cnvectioni diffusion] [source/sink

where * is the generic variable wnich may represent the three Cartesian velocity components u., the
enthalpy h or the mass fraction of a particular species m . (The mass continuity equation is represented
by the case * - 1). S, is a source term appropriate to 30 which incorporates, for example, the effects
of chemical production and radiative hiat loss. A fuller description specifically in relation to
enclosure fires is given by Cox and Kumar .

All dependent variables in eq(l) are time-averaged quant-,ties and, since density fluctuations have been
neglected, may be viewed as implicitly density-we:ghted, for example,

pu

The diffusion term incorporates the effects of both turbulent and molecular diffusion through the
exchange coefficient F,. It has been assumed that the Reynolds stresses and scalar fluxes, which involve
the correlations of fluctuating properties, can be modelled by use of the gradient transport hypothesis,
in particular, for scalars

- r, a

ax1

To determine the local value of r,, two further transport equations are solved for k, the turbulence
kinetic energy and c its rate of dissipation. The effects of buoyancy on extri turbulence production (in
rising plumes) and inhibition (in stratified layers) require special attention .

solution of these -quations alone, together with the appropriate boundary conditions to incorporate the
effects of heat and momentum loss to the enveloping structure, is sufficient to capture the major
features of the smoke movement problem for a known fire size. The influence of effects such as the
external wind on a cabin breach, for example, may be readily examined through ad]ustments to the boundary
conditions.

Early work on the application of these models to building problems assumed that the fire could be
represented in a very rudimentary fashion a a volumetric source of heat. A simple conserved scalar was
then used to represent smoke concentration' . Among a number of deficiencies with this approach was the
fact that the source volume needed to be prescribed, a priori, thus precluding any dynamic interaction
between the enclosure and the fire source. Flame leaning or impingement could only be included by
prescription.

So far, in the application of suct 1modelling techniques to aircraft cabin fires, this has also been the
level of input of fire science ..... (Fig. 2). Rather more effort' has been focussed on the effects of
the complexity of internal shape and obstructions within the cabin on the smoke flow. %.hereas in most
building problems a Cartesian coordinate system can satisfactorily be used, in aircraft cabins the use of
body-fitted, curvilinear coordinates to reproduce the essential features of the geometry are highly
desirable.
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Such coordinate systems may be generated by algebraic methods or, increasingly commonly, through the
solution of differential equations" describing the coordinate transformation. This permits the system
of coupled conservation equations to be solved in a space in which the coordinate surfaces conform to the
boundaries of the fire domain (cf. Fig. 3) and in which computational nodes are concentrated ir, regions
of large spatial property gradients.

Although satisfactory for describing smoke movement in simple situations, the volumetric heat source
prescription for the fire is restrictive not only in its inability to respond to the flow field. It does
not provide a framework to address the critical issues of fire growth or the production and spread of the
incapacitating products of combustion, both gaseous and particulate.

Combustion and radiation models are required to allow assessments to be made of the hazard to huan life
due to inhalation of toxic gases and to radiant and convective heat exposure.

(iii) Combustion Chemistry

The treatment of the effects of turbulent transport has already been discussed briefly. Unfortunately
the turbulent mixing process also has a significant influence on the mean rate of chemical reaction in
fires. The hydrodynamic mixing of fuel with air is much slower in fires than their rate of reaction and
it is this process which controls the rate of fuel 'disappearance', R,, or product yield.

A simple method for dealing with this difficulty in modelling is to allow the combustion to be controlled
only by the rate of small scale turbulent mixing between the reactants and for that rate to be further
controlled by the concentration of deficient reactant. In air-rich locations, reaction is controlled by
lack of fuel and vice-versa in fuel-rich locations, thus

R u rk rai

where m, m are the local mass fractions of fuel and air, s is the stoichiometric ratio and C is a
numericai constant.

A transport equation for m. , incorporating the above source term, is solved in addition to one for the
normalised mixture fraction,

f, ,
Mfu' 0 + ml-.-

s

which is simply conserved and does not therefore involve a source term. (The subscripts (o,-) denote
conditions in the fuel supply and ambient air respectively). This method, which also overcomes the need
to prescribe a volumetric source of heat, has been reasonably successful$ ' 5 in predicting the ma3or
features of a wide range of building fire problems including the stable species of CO, and H.O. Figure 4
illustrates predictions of the JASMINE model, here applied to a forccd ventilated railway tunnel
containing a 14 megawatt fire. The tunnel is 400m long, 5m high and 4m wide. Predictions are shown of
the progress of a life threatening gas temperature surface, 800C, down the length of the tunnel.
Centreline predictions of CO2 concentration are also shoAn for a short length of tunnel around the fire.

Chemical kinetics houever have played little part in such a scheme. To determine the levels of toxic
intermediates such as CO and for the predict:on of soot formation, a prerequisite to the accurate
prediction of luminous radiation from flames, a more realistic treatment for finite rate kinetics is
required.

If the balance equation for mean mixture fraction, f, is complemented by- a further equation for its
variance, then the turbulent scalar mixing field can be characterised by a local probability density
function, controlled by these two moments. As simply conserved scalars, lacking chemical source terms,
their prediction in the flowfield is comparatively straightforward.

The modelling task then concerns the relationship between instantaneous species concentrations and the
mixture fraction, which characterises the turbulent mixing field. The simplest such relationship assumns
full local chemical equilibrium. However this assumption is not generally valid within the flame and
substantial errors in estimating the yield of such intermediates as CO can result.

An alternative approach currently under development for application to fires is the laminar flamelet
model".

Burning in a turbulent flame is here assumed to occur locally in laminar-like flamelets. The
relationship between species compositions and mixture fraction in such circumstances can be determined
entirely computationally for simple fuels such as methane or propan,, for which the chemistry is
sufficiently well understood. More importantly however it can also be determined "once and for all"
experimental measurement in well controlled laminar flames for fuels encountered in practical problems'
These "state relationships" can be stored in a library for access by the hydrodynamic calculation for the
determination of detailed gas species.



16-5

Comprehensive predictions of the c=position field in buoyant fires employing this strategy have to date
been restricted to the fire source alone"

1
. Figure 5 illustrates the typical scalar structure for a

simulated fire in which methane is burnt on a 25 om circular porous burner.

More recently, this approach has been extended o the prediction of soot volume fraction in the same fire
using a semi-empirical model for soot formation . The processes of soot nucleation, surface growth and
agglomeration are here represented by rate constants also determined by local mixture fraction and
temperature.

(iv) Thermal Radiation

Two quite distinct difficulties need to be addressed for the realistic modelling of radiant heat
transfer. The first concerns 'geometrical' problems associated in particular with the exchange of
radiant energy between remote emitters and receivers, be they solid surfaces such as cabin wall panels or
particulate/gas phase mixtures such as flames. The second difficulty concerns the calculation of local
emissive power. The relative contributions from broadband soot and banded gaseous emissions will vary
substantially between flame and smoke products. In addition, as with transport processes and combustion
chemistry, the effect of turbulent fluctuations in temperature and gas composition must be considered,
particularly at the fire source itself.

Both fluxt
° 

and discrete transfer methods
2

I have been used in conjunction with predictions of time-mean
temperature and composition fiels for enclosure fire simulations. Figure 6 shows radiative heat flux at
the floor of the tunnel described earlier. The extent of life threatening conditions can be determined
from examination of the 2kW/a

2 
contour, generally accepted to be that which causes unacceptable pain,

after exposure for one minute. More comprehensive treatments of combustion which include the interaction
effects of turbulent fluctuations, have to date been restricted to the fire source alone and again only
for comparatively simple hydrocarbon fuels.

Figure 7 illustrates detailed radiative predictions for the methane fuelled fire described earlier,
identifying the significant contribution made by turbulent fluctuations in scalar properties in the
flae. Such a treatment can be readily extended to the enclosure fire problem.

(v) Solid Phase

It is in the coupling of the gas and solid phases where the zonal and field treatments tend to converge.
Field models can in principle extend their nmerical solutions of the conservation equations into the
solid boundaries. Whilst this is useful for determining the heat lost from the gas phase into the
structure by conduction, it is unlikely to be of much practical value for the calculation of rates of
heat release or flame spread over flammable solid fuels of anything other than the simplest of materials.
Those used in practice for furnishings and upholstery tend to be laminates and composites, which under
fire conditions may melt, char or delaminate, all poorly understood processes at the level of detail
necessary.

A pragmatic approach is thus required. Quintiere
2 2 

has developed a model for flame spread which is based
upon the measurement of material properties under "fire conditions" in a standardised small scale fire
test. These are simply a critical heat flux for piloted ignition together with a flame spread coefficient
related to the thermal properties of the material.

With such measurements, gas phase models of either zone or field type can be used to provide the
appropriate surface boundary conditions to translate performance in a standard fire test to actual
in-fire behaviour. This synergy between mathematical modelling and standard testing is likely to grow
such that in future more meaningful appraisals can be made of fire hazard than those based on existing
methods.

3. Fire Science in Aircraft Cabins

From the standpoint of hazard modelling and simulation there are two distinctive critical cabin fire
scenarios; the in-flight fire, in which the cabin is sealed but subject to installed forced ventilation,
and the post-crash fire in which natural, buoyancy-driven ventilation occurs through doorways or breaches
in the fuselage and through which an external fire may enter the cabin. The emphasis of the design
strategies to be adopted in response to these circumstances naturally differ.

In the in-flight fire, where evacuation is clearly impossible, the primary element in design for fire
safety must be the inhibition of fire growth, giving cabirn staff or automatic systems ample opportunity
to extinguish nascent fires. The subsequent spread of incapacitating products of combustion may however
prove the greatest hazard to passengers if the fire is not promptly extinguished.

More complex considerations surround the post-crash fire where the principal goal is the provision of
adequate evacuation and rescue opportunities. The use of flame retardant materials, for example, which
delay the onset of flaming combustion, may increase the burden of toxic products and smoke, thereby
impeding escape whilst notionally increasing the time to flashover and large-scale engulfment by fire.
The post-crash fire is unlikely to be significantly influenced by the cabin ventilation system. Instead
interest must focus on any breach in the cabin, particularly if adjaceht to an external fuel spill fire
which might permit the ingress of flame and combustion products, threatening the occupants, many of whom
may be injured. This ingress of flame will be determined largely by the external wind conditions and the

opening of cabin doors for purposes of escape or rescue. Radiant heating of flammable cabin materials
from outside the breach or both convective and radiant heating from combustion products entering the
cabin may cause ignition of wall panels and seating. In this instance the ignition source is probably
very large and will override the protection afforded by ignitability selection on the basis of small
scale tests. Under these circumstances selection must be based on minimising rates of heat release and
of flame spread to delay the possible onset of flashover.
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The position in respect of an in-flight fire is rather different although the broad requirement is the
same. Ignitability testing can promte materials which minimise the incidence of accidental ignition.
The cabin ventilation should however be able to handle the combustion products from such an incipient
fire so that passengers are not significantly discomforted. Clearly the current practice in comercial
aircraft of injecting fresh air at high level and removing it at floor level is not then conducive to
such a requirempnt. Until comparatively recently the implications of such count i-flow ventilation on
cabin fire growth has attracted surprisingly little attention. Sarkos and Hill did however Leport
significant differences between the distribution of smoke and combustion products in sealed cabins with
controlled ventilation and the naturally ventilated case which arises if the aircraft fuselage is
breached; the former leading to the more extensive distribution of the fire hazard within the cabin.

In a preliminary investigation, McCaffrey and Rinkinen2" more recently report thermocouple temperature
measurements in a simalated fire in a -scale closed section model of a ventilated wide-body aircraft
cabin. Here simulating the in-flight cabin fire, the measurements demonstrate that within a few air
changes, each of between 2 and 4.5 minutes, little of the energy released in the fire is exhausted
through the normal floor ventilation. Hot gases accwmlating close to the ceiling appeared to be little
affected by the incoming cold air and only at longer times, as the wlhole enclosure fills with hot
combustion gases, do significantly elevated temperatu:es appear in the extractor. The strong buoyancy
forces characteristic of fires evidently overwhelm the effects of the ventilation system; the situation
relative to smoldering combustion is less well-defined however.

each of these outline scenarios reveals a complex interaction between the flowfield configuration,
combustion chemistry, surface heat transfer and material properties. whilst the elements may be
specified individually by comparatively simple models, derived from small-scale experiment and testing
for example, their interaction poses particular challenges. If we consider the post-crash situation in
% ich an external wind-blown pool fire penetrates 'he cabin through an opening, the individual
realisations of such a scenario depend amongst other factors, on fuel spill size, wind speed, direction
and orientation relative to the aircraft and fuselage breach. To establish for instance worst case
configurations for purposes of cabin layout evaluation and furnishing materials selection repeated
full-scale fire tests are evidently impractical. On the other harn, the individual component studies
referred to earlier do not address their superposition.

Conputational approaches, zone or field models, clearly offer unique opportunitiz. to sialilate a wide
range of scenarios once the model elements are established. The particular strength in Lhe field models
lies in the level of detailed interaction which can be reproduced. The coupling of regimes in zone
modelling inevitably involves an element of a priori prescription in the broad types of fire possible
whilst their interaction atises essentially via global boundary corditions.
The evaluation of novel fire protection concepts is potentially yet another important role for such
computational modelling. Considerable interest has recently centred on the possible application of water
sprays to aircraft fires, for example. Sprinklers are used routinely to protect industrial buildings
against the rapid growth of fire. These are based on the simple principle that applying water to burning
fuel and potential fuel ahead of a fire will limit fire growth. The efficiency of such a system requires
careful consideration however since the interaction of a spray with the products of combustion is
extremely complex. The spray itself can entrain air and combustion products thus bringing smoke down to
low level. If droplets have insufficient downward momentum they can be lifted by the buoyant plume and
indeed evaporate without having the opportunity to extinguish a fire.

The field modelling approach has been applied to such problems2S of. fig. 8. Here a representative line
of droplets is injected into a compartment containing a simulated fire source. With the 0.5 mm droplets
chosen, very few reach the floor with most being lifted and evaporating near the ceiling. with 1 mm
droplets all reach the floor.

All these applications are very demanding in relation to validation. Confidence in the underlying
representation of basic mechanisms is central to the wider application of the computational field
approach. Whilst reasonable validation can be demonstrated for some aspects of model predictions (e.g.
refs 8-13), there are too few comprehensive measurements of the key properties to adequately test the
detail. In enclosure fir, , only the gas temperature has been subject to any detailed comparison
throughout the flow domain. Comparisons for flow velocity, gaseous and particulate compositions and for
thermal radiation fluxes are sparse, reflecting in part the lack of application of modern experimental
techniques to the enclosure fire problem. Few, if any, of the recently developed non-invasive optical
techniques, already widely used in a number of types of combustion systems, have been applied to fires.
The situation in respect of fires in aircraft, as opposed to buildings, is even less satisfactory and
there is an urgent need for such experiments. Photographic and anecdotal evidence from real incidents or
inadequately instrumented fire tests is of little value in this respect and continues to place fire
safety in an invidious position relative to combustion technologies.

4. Concluding Remarks

Fire science and engineering have evolved largely as a result of concerns for building fire safety. For
the treatment of the aircraft cabin fire problem, careful consideration needs to be given to the
transportability of this technology. This reflects the unique interaction that occurs in enclosure fires
between the enveloping structure and the growing fire - the rate of growth and onset of flashover being
largely determined by enclosure design. Details such as ceiling height, degree of ventilation, in
addition to disposition of flammable materials, can all critically affect this process.

Studies of the response of solid materials to thermal exposure can be readily applied to either problem
type but the determination of that exposure from the behaviour of the gas phase is more problem-specific.
The paper has outlined some recent developments in fire science, notably in enclosure fire modelling,
which address these problems. In particular it concentrates on developments in the application of
computational fluid dynamics to the fire problem. Such a technique, known to fire scientists as field
modelling, provides an emerging technology which offers substantial advantages over traditional methods
in the translation of developmants in fire science to compartment types for which there is a less
well-established knowledge base.
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Examples of current capability have been illustrated in both the general context (Figs. 4 & 6) and in as
far as they have been applied to aircraft cabin fires (Fig. 2). More work is necessary to bring the
level of the fire science incorporated within aircraft cabin fire modelling up to that already
demonstrated for building fire problems. In addition, the detailed treatments reorsired for the effects
of turbulence on combustion chemistry and thermal radiation need further development and testing. In
scme respects the theoretical developments are now outstripping the ability of traditional compartment
fire experimentation to supply the underlying data needed. Because field modelling provides a very
detailed prediction of property fields this creates a severe demand on experimentation. There is a
growing need to meet this demand for the measurement of local flow velocities, product concentrations and
radiative fluxes with modern diagnostic methods that have already contributed significantly to other
areas of corbustion-related research.
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Figure 3. Body-fitted coordinate grid for an
aircraft cabin interior1 2 .
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DISCUSSION

A. URAL
All the work presented eemed to have avoided the issue

of prediction of heat release rate in cabin fire development.
Should we use zone modeling or would you recommend the field
models with some zone model?

AUTHOR's REPLY:
The first step towards our goal is to incorporate into

the field models reliable and economical radiation models so
that surface t

° 
can be prdicted. The next step is to consider

the effects of smoke.
An alternative is to use the field model to provide the

empirical (numerical experiments) data necessary for zone models.

G. WINTERFELD
The rate of fire spreads in enclosures depends on the rate

of heat release, mainly from the flame. This is dependent on
the model of the flame structure. In the case of thu laminar
flamelet model, how do you take into account the details of
the flame, which influence has the pdf for the turbulent flame
on the results of the 'ire spread?

AUTHOR's REPLY:
The point you raise illustrates the difficulty in balancing

the needs for a relatively fine grid in the region of the flame,
with the need to cover the remainder of the domain economically.

Although more complex than the eddy-break-up approach,
the laminar flamelet model offer a relatively simple method
for describing finite rate kinetics.

A beta function pdf was used in the predictions shown in
fig 5 an 7. Stretch is not significant in the buoyant diffusion
flames characteristic of fires.

The tunnel precitions were for pdf fires for which the
rate of heat release was known. Surface spread of flame does
not occur here because all walls are non combustible. Flame
elongation due to poor mixing is however predicted.

I. R. HILL
l.Have you done any modelling on the potential toxic effect

of droplets?
2.A person can inhale particles of 200-300 microns which

can block smaller airways, causing collapse beyond.

AUTHOR's REPLY: (reply on second remark by Dr. PURSER)

1. No.
2. The use of water spray mist should be very beneficial

in scrubbing water soluble gases from the fire atmosphere in-
cluding irritant acid gases such as 1|C1, 1IF and H1CN. The smoke
particulates are taken in the droplets which might therefore
be toxic if inhaled. However it has been said that the droplets
are 100-200 microns in diameter, and these cannot be inhaled
since maximum particle size for deposition in the nose and the
mouth is approximately 20 microns, and for deposition in the
lung the limit is 5 microns diameter.

Larger objects can sometimes enter the trachea by aspiration
and may then penetrate into the lung. This is not inhalatioz.
and cannot occur with large particles in air, one cannot inhale
rain drops.

i_
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ABSTRACT
This paper presents a steady-state three-dimensional mathematical field model describing aircraft cabin
fires. The fire Is modelled by a simple heat source. The simulation Is intended to represent non-
spreading fires. The computer code uses a Body-Fitted Co-ordinate (BFC) formulation to model accurately
the interior of the aircraft that is neither Cartesian nor polar-cylindrical. The dimensions of the
fuselage are that of a BOEING-737. The effect of various openings in the fuselage en the temperature

distribution within the empty aircraft cabin are investigated. With the cabin fitted with seats, ceiling
panels and overhead stowage bins the effect of the aircraft's air-conditioling system on the temperature

distribution within the burning fuselage Is also examined. Early results suggest that a reverse flow
situation (i.e. cold air injected through floor vents and hot air sucked out at ceiling vents) greatly
reduces the temperature throughout the fuselage.

INTRODUCTION
The Manchester aircraft fire disaster of 1985 exposed the catastrophic consequences of a fire on

boad a commercial passenger aircraft. The nature of modern aircraft interiors, which consists of a
densely populated passenger enclosure lined and furnished with organic (largely synthetic) materials (4200
kg on board a 8747) and the vast quantities of flammable fuel carried (214,000 litres for the B747) make
the possibility of fire a major concern. In the 10-year period from 1976 to 1985 some 6871 passengers and

crew perished in aircraft accidents Involving fire worldwide (I].

Life threatening aircraft cabin fires belong to one of two groups, the so-called post-crash fire and
the In-flight fire. The post-crash fire involves survivable crashes, i.e. incidents In which occupants
survive the initial trauma of Impact. In post-crash fires the fire is initiated outside the cabin usually
due to a fuel spill. The fire then attacks the aircraft cabin gaining entry via breaks due to Impact
damage. A Boeing study of more than 150 survivable crashes suggests that about 1300 people who may have

survived the impacts perished as a result of fire [2]. In-flight fires mostly occur in accessible areas
such as a galley or toilet. They can be due either to human Intervention such as passenger indiscretion
or sabotage or to technical causes such as electrice.l malfunctions. In the 20 years from 1964 to 1984
approximately 300 cases of In-flight fires have been reported, of these some 52 have proved fatal,
accounting for about 1000 deaths [2-5].

To uncover details concerning the fire-dynamics involved and the hazards responsible for preventing
escape by passengers and ultimately their death, it is necessary to perform simulations of possible fire
scenarios. The simulation may be either numerical. i.e. computer-based mathematical models or

experimental fire tests [6].

Mathematical modelling offers a cheaper and more general alternative to the experimental approach.
provided that the models can be reliably validated. Both zone and field models have been Implemented in
describing aircraft cabin fires [5]. The zone modelling approach represents state-of-the-art technology
currently in use; DACFIR (e.g. reference 7, for a comprehensive list see reference 5) being the most
sophisticated of the zone modelling packages available for aircraft fires. The field modelling
formulation, while still in its infancy, is emerging as the 'new technology' for modelling of aircraft
cabin fires. It Is already becoming a more widely accepted tool within the building fire community
(8-13). The field modelling approach potentially has great utility in assessing aircraft design for
safety and In the training of flight and fire crews. Previous attempts at modelling aircraft cabin fires
using the field modelling approach have been confined to two-dimensional studies (e.g. reference 14. for a
comprehensive list see reference 5). Satoh et al [15] have performed a three-dimensional simulation of an
aircraft cabin fire, however, this study lacked an accurate description of the aircraft cabin geometry.
More reczntly Gales et al (16-20] have modelled aircraft fires using BFCs. This approach allows
realistically shaped aircraft cabins to be simulated.

THE MODEL
In the following sections a mathematical field model describing the in-flight fire scenario is

presented and discussed. The model, still under development, attempts to simulate turbulent buoyant fluid
flow and heat transfer within a realistically shaped aircraft cabin. The dimensions of the cabin are that
of a Boeing-737; its length Is 17.1m with a width of J-3m at the floor and a maximum height of 2.1m.

The simulations presented here are steady-state, however, the model is capable of producing
time-dependent simulations (16-19].

Two sets of results are presented and discussed. The first group examines the effect of various
fuselage openings on the temperature distribution within an empty burning cabin. The fire, located on the

floor, just off the cabin centre is simulated by a prescribed heat source of 50.7 KW. The openings
consist of combinations of external doors an ceiling apertures. The doors have dimensions of 1.4m x l.On

and are located on the port and starboard sides towards the forward and aft of the aircraft. The ceiling

- '-------'~-''-- S ~~--'-z----- ~ -
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opening has dimensions of 0-8a x 1-On and is centrally located towards the aft of the aircraft (see
figure 1).

Figure 1: The above figure shows the locations and size of the openings in the simulated Boeing 737
fuselage.

In the second group the fire geometry Is similar to that In the first case, however, cabin fittings
and the cabin environmental control system are included. The fittings consist of two rows of seats and a
ceiling unit including the passenger stowage bins. The seating configuration consists of a row of three
seats abreast and a row of two seats abreast separated by an aisle. Seating in the vicinity of the heat
source Is not included (see figures 2(a) and 2(b)). Open doorways of dimensions 1-Sm x O-9m are situated
in the forward and aft bulkheads. While the dimensions of the cabin are modelled on the B-737 it has been
necessary to approximate the furniture specifications. The environmental control system consists of
uniform venting at the ceiling and floor. The ceiling vents are situated at the top of the ceiling while

J, J J JJ JJ J J J JJ J

( ) (b)

Figure 2: The above figures represent: (a) cylindrical section of aircraft cabin showing position of
seats, ceiling panel and overhead stowage bins, (b) axial section of cabin showing position of
seats and ceiling panel and the open forward and aft doorway

the floor vents are located in the left and right corners where the side panels meet the floor. Both the
ceiling and floor vents extend along the entire length of the cabin. From these vents either hot air may
be sucked out of, or cool air injected Into the cabin. The venting rate is such that a complete air
change Is produced In three minutes. In all simulations the ambient temperature was 19C.

THE KATHEJIATICAL PROBLEM
The starting point of the analysis is the set of three-dimensional, partial differential equations

that govern the phenumena of Interest here. This set consists, in general, of the following equations:
the continuity equation; tne three momentum equations that govern the conservation of momentum per unit
mass (e.g. velocity) In each of the three space directions (the Navier-Stoes equations); the equations
for conservation of energy and species concentrations; and, the equations for a turbulence model (in this
cage the k-s model). The formulation of the differential equations describing the model will not be
presented here as they may be found elsewhere [8-12,19].

The above-mentioned equations are transformed Into general curvilinear coordinates, to allow for
convenient and accurate treatment of irregularly shaped flow domains. The approach used here employs
covarlant physical velocity components In the form It appears in the general-purpose software package
PROENICS [19,21].

The Grid and Its Generation
The BFC grid used can be considered as a distorted version of the usual orthogonal grid. In which
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grid lines and control cells are stretched, bent and twisted In an arbitrary manner, subject to the cells
retaining their topologically cartesian character. This means that grid cells always have six sides and
eight corners in the three-dimensional case.

The scalar variables solved by the BFC PHOENICS option are exactly the same as for the regular
PHOgNICS [12]. For details concerning grid generation and formulation of the conservation equations in
BFC mode see Gales et al [19] and Hedberg et al (22).

RESULTS AND DISCUSSION
All numerical calculations were performed on the Thames Polytechnic NORSK 570 computers. Experience

has shown that these calculations involve large quantities of computer time. A solution doaIn comprising
of 4200 cells (lOxlOx42) requires approximately 13 hours of cpu while a mesh of 20.328 (22x22x42) cells
requires in excess of 64 hours of cpu. The number of sweeps required to achieve convergence varies from
5500 to about 6500.

Detailed experimental data by which numerical models of aircraft cabin fires may be validated is not
generally available. However, some effort has been made to validate the present model. Numerical results
were compared with a set of experimental data from full scale fire tests conducted at the Johnson Space
Centre [23]. In these tests a controlled pool fire (50.7KW) was ignited in an empty Boeing-737 fuselage
which had open doors in the foreward and aft bulkheads. Results from this validation exercise are not
presented here as details have been reported elsewhere [16-20].

It was concluded from the validation/grid refinement exercise that grids In excess of 20.328
(22x22x42) cells are required If quantitative results are desired, however, as little as 4,200 (10x10x42)
cells will produce qualitative results. The good agreement between model and experimental results
suggests that the madel Is capable of simulating non-spreading fires within aircraft fuselages. However.
considerably more effort must be Invested in the validation of the code.

The remainder of this paper Is concerned with predicting the effect of cabin openings and the
Interaction of the cabin airconditioning system and seating configuration on conditions within the cabin.

_
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Figure 3: The above figures represent velocity vectors and temperature contours (*C) In a cylindrical
section located I.Su from the aft bulkhead. The plane depicted passes midway through the aft
openings. They correspond to (a) Case A. (b) Case B, (c) Case C and (d) Case D.

The effects of cabin openings on the temperature distribution throughout the cabin are demonstrated
In the first set of results. Four cases are examined. Case A concerns the situation In which only the
aft starboard door Is open. In Case B. both the foreward and aft starboard doors are open, while the
situation In which both port and starboard aft doors are open comprise Case C. Finally. the situation in
which both the starboard aft door,and the ceiling above the door are open constitutes Case D (see Figure
1). The centres of the aft and forward doors are located 1.5m and 14.9m respectively from the aft

'CI
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bulkhead. The Centre of the ceiling opening is situated 1-5m from the aft bulkhead. In these simulations
10.496 (16x16x41) internal cells were used. As in earlier studies, in order to find physically realistic
behaviour in the vicinity of doors opened to the exterior It is necessary to extend the solution dizaln to
regions outside the fire compartment. An additional row of cells along the port, starboard and ceiling
were used for this purpose making the total number of cells 12,546 (184l7x41).

Figures (3a) to (3d) show velocity vectors and temperature contours In a cylindrical section 1.
from the aft bulkhead. This plane passes through the centre of the aft openings. Situations excluding
the ceiling opening dibplay the familiar two layered structure In the doorway. Relatively cool air enters
the cabin through the bottom regions of the doorway while hot air billows out from the top sections. This
is seen more clearly in figures (4a) and (4b) which show planes parallel to the floor at heights of 0-5a
and 1-a respectively above the floor. The situation depicted corresponds to Case B. The neutral plane
Is located approximately midway in the open doorway. With a ceiling opening located Just above the door
(Case D figure 3(d)), air Is entrained into the cabin through almost the entire area of the open doorway
while the hot ceiling gases are vented out through the ceiling opening.

(a)IT4ItTTT7
(b)

Figure 4: The above figures represent velocity vectors in a section parallel to and (a) 0-5 and (b) 1-1.
above the floor. The situation depicted corresponds to CASE B.
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Figure 5: Model generated temperat6res (*C) along the centrellne of the cabin for the various venting
scenarios at (a) 0-53a and (b) I-5o above the floor.
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Pliures (Sa) and (5b) show centre line temperatures along the length of the fuselage at 0-Sm (figure
(5a)) and I-Sm (figure (Sb)) above the floor for the four cases described above. These figures clearly
indicate that the temperature distribution is strongly affected by the nature of fusel= openings. The
highest temperatures are found in Case A (single side opening). This is conzistantly true. throughout the
length of the fuselage and In the vicinity of both the floor and ceiling. In this case temperatures near
the floor are typically 80"C while temperatures In the ceiling region are about 115"C. High up In the
cabin, temperatures are minimal for Case D (ie. ceiling and side opening), this is particularly true in
the aft section of the cabin, which contains the openings. In the aft section temperatures range from
about 75*C to 85'C while in the foreward section temperatures are about 95"C. Figure 3d shows that
relatively cool air is being entrained Into the cabin throughout the open starboard doorway while hot
ceiling gases are being vented out through the ceiling opening. In the lower regions the situation Is
somewhat different, temperatures are minimal for Case B (two starboard doors) except in the Immediate
vicinity of the aft door. For Case B temperatures near the floor are typically about 60"C.

9l~- 9 
_8__________-~,4

(a) (b)

-40

(c)

Figure 6: The above figures represent temperature contours ('C) In a cylindrical section located midway
between the open aft door and the fire, for the cases (a) no venting, (b) forward venting and
(c) reverse venting.

The two different configurations in which two openings are confined to the aft sections (Case C and
Case D) produce similar temperature distributions. In the lower regions of the cabin, except In the
Immediate vicinity of the open aft doors, Case C (two facing doors) results in slightly higher
temperatures. A similar situation exists higher up In the cabin. The lower temperatures found in Case 9
suggest that the ceiling opening In conjunction with fhe side door is more efficient at venting the hot
gases than two facing doorways.

It should be remembered that the fire In these simulations is represented by a simple heat source.
The fire Is strictly non-spreading and the power output of the fire Is constant. The observed differences
offered by various cabin openings assumes that the fire is not changed by the compartment configuration.
In reality, any beneficial effects may be overshadowed by creating a more Intense fire, thereby Increasing
the generation of fire hazards such as heat, smoke, eas etc. In planned extensions to the existing
program, a kinetically controlled combustion model will replace the heat source. With such a model the
supply of oxidant and fuel will determine the power output of the fire.

The final group of results concerns numerical models which predict the effect of the cabin
environmental control system on the heat flow in thr B-737 fuselage fitted with furniture. No
exrerimental results are available for comparison. The -olution grid used to produce these results
consists of 11,008 (16x16x43) internal cells and 1024 (16x6x4) external cells outside each open door.
The fire strenth was S0.7KW.

Three venting scenarios were investigated. The first case, case A. Involved no forced ventilation.
In the second case, case B, fresh air is injected from the ceiling vents while hot air is sucked out from
the floor vents. Case B is Intended to simulate the operation of the environmental control systems found
In most commercial aircraft.
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Figures 8 and 7 show temperature contours and velocity vectors, respectively. In a cylindrical
section located approximately midway between the fire source and the open aft doorway for the three
venting scenarios. In venting cases A and C (Figures 6a and 6c) the cabin atmosphere is stratified Into
horizontal layers parallel to the floor. Relatively cool air exists near the floor while hotter air may
be found In the vicinity of the ceiling. This Is In agreement with experimental observations [24]. In
venting case B (figure 6b) the atmosphere Is still stratified into more or less horizontal layers near the
floor, however, in the region above the seat tops this simple stratification is destroyed. The jet of
cold air Into the hot atmosphere sets up a large circulation region (figure 7b) throughout the length of
the cabin which extends from the ceiling to just below the seat tops. In case A and C the tendency Is for
the air to rise from the floor to the ceiling region (figures 7a and 7c). The expulsion of gases from the
floor vents (case B) attempts to reverse the natural tendency of hot air to rise. In venting case A (no
venting) temperatures near the seat bases are approximately 40"C (figure 7a). In the case of forward
venting (case B) these temperatures are increased to approximately 60"C (figure 7b) while in the reverse
venting situation (case C) the temperatures are reduced to approximately 31C (figure 7c). Temperatures
near the ceiling are reduced from 105'C in venting case A (figure 7a) to 70"C In venting case C (figure
7c).

(a)

(c)

Figure 7: The above figures represent velocity vectors in a cylindrical section located midway between
the open aft door and the fire, for the cases (a) no venting, (b) forward venting and (c)
reverse venting. The vector scale Is identical In each case.
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Figure 8: The above figures represent temperature contours ('C) along the length of the fuselage passing
through the fire for the cases (a) no venting, (b) forward venting and (c) reverse venting.
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Figures 8(a),(b) and (c) show temperature contours along the length of the fuselage passing through
the fire source and seat rows. In venting case A, temperatures of 10OC occur just above the seat tops
and temperatures of 40"C occur just above the seat bases (figure 8a). In the forward venting
configuration (case 8) temperatores in the vicinity of the seat tops have reduced slightly to 90"C,
however temperatures just above the seat bases have increased to 60"C (figure 8b). In the reverse venting
situation (case C) temperatures near the seat tops and seat bases are significantly lower. In the
vicinity of the seat tops the temperature has fallen to 60"C while just above the seat base the
temperature Is near ambient (figure 8c).

It Is recognised that in view of the fact that the model has not been completely validated by
experimint, and due to the course nature of the grids used here. these results should be viewed with some
degree of reservation. However. the usefulness of reverse venting In reducing temperatures and smoke
concentrations near the floor has been observed in full scale experimental room fires [25).

c'JNCLUSIOuS
Through the use of BFCs the feasibility cf simulating non-spreading fires in realistically shaped

and equipped aircraft fuselages has been demonstrated.

The location and nature of fuselage openings was observed to exercise a major influence on the
temperature distribution within the passenger compartment. Knowledge of such behaviour is crutial for the
safe evacuation of burning aircraft.

The action of the aircraft's ventilation system was also observed to have a major effect on the
temperature distribution within the burning fuselage. With the system extracting hot air from the floor
vents and injecting cold air from the ceiling vents, as Is found in most commercial passenger aircraft.
temperatures in the vicinity of the seat bases increase by about 20'C over the temperatures found In the
non-venting case. In the reverse flow situation temperatures fall to just above the ambient
temperature.

High up In the cabin, In the vicinity of the ceiling, temperatures are also greatly reduced In the
reverse venting situation.

The use of this venting strategy could lead to the control of the rate of spread of fire within the
cabin. Such control is particularly pertinent to the in-flight fire scenario.

Current research has two aims. Firstly, we are attempting to extend the analysis to Include
combustion and radiation models. We are also using the field modelling approach to simulate the
considerably more complicated water spray-fire situation. In this way It will be possible to model not
only the effect of fire but also the suppression of fire spread and Its eventual extinguishment (28).
Secondly, we are involved In increasing the efficiency of the numerical procedures which lie at the heart
of field models. This involves adapting existing sequential fire codes to make use of relatively
Inexpensive parallel hardware in the form of transputer technology. In this way we hope to reduce the
high overheads Incurred in using field modelling.
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DISCUSSION

G. WINTERFELD
Validation of the CFD-Hodels is always one of the most

important procedures in these exercises. A recent PEP activity
on that problem showed this cooperation between the modeler
and the experimentalist. What type of information and input,
e.g. minimum number of measuring values doyou need from the
experimentalists; how can they assist in the validation
procedure.

AUTHOR'S REPLY:
First of all I think it is important that field modellers

and experimentalists work closely together from the very early
stages of experimental designs.
What type of information/input would be desirable? This clearly
depends on the scenario under investigation but generally we
would like fires of known heat release and detailed temperature

data throughout the cabin interior (including surfaces) with
thermocouple trees regularly spaced along the length of the
cabin. In addition to this, heat flux, velocity and smoke and
gas concentrations must be measured ideally with a similar
spatial resolution. For full-scale wide body fire tests hundreds
of measuring locations are required.

Hr. COX'S REPLY:
The Fire Research Station conducts many full scale fire

tests and we routinely fill compartments with thermocouples.
There is no real problem in losing those used for obtaining
time mean temperatures, althougth very fine wire thermocouples
needed to capture temperature fluctuations are problematic.
There have been many validation studies based on mean temperature
fields. What is needed is more spatially resolved measurements
of gas concentrations, velocities, heat fluxes and surface
temperatures.
Ideally, we would prefer also at least some data on fires whose
late of heat release is known.

R. IIILL'S REPLY:
The FAA Technical Center measures and records in most of

its full scale tests 80-100 thermocouples, some 10 heat flux
transducers, some 6 to 12 smoke meters and numerous gas sample
locations. This data is usually available in Final Reports.
Tests have been conducted to supply data for model validation
using a fuel uith known heat release, such as plexiglass, and
for jet fuel.
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TIME DEVELOPMENT OF CONVECTION FLOW PATTERNS
IN AIRCRAFT CABINS UNDER POST-CRASH FIRE EXPOSURE

by
G.V. Hadjisophocleous , A.C.M. Sousa and J.E.S. Venart

Fire Science Centre and Department of Mechanical Engineering
University of New Brunswick, Box 4400, Fredericton

New Brunswick E3B 5A3 CANADA
now with Fire Research Section,

Institute for Research in Construction,
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Ottawa, Ontario KIA 0R6 CANADA

SUMMARY

The present work simulates the internal transient thermal response of an aircraft cabin to pool
fires of different strengths burning outside an open door or fuselage break.

The thermal processes within the cabin are modeled using the fluid flow and energy governing
equations. Particular attention is given to the level and time development of the thermal
stratification within the cabin over the first 90 s and the time allowed for evacuation of
passengers in aircraft certification tests.

The numerical simulations for a two-dimensional domain were carried out with advanced numerical
techniques based on a control volume formulation combined with boundary-fitted coordinates.

Assessments conducted previously on the reliability and accuracy of the algorithm are also
briefly outlined.

1. INTRODUCTION

An extensive review by Galea and Markatos [I) evaluates the progress made in the mathematical
modelling of aircraft cabin fires. They argue that mathematical modelling can be complementary to
experimental fire tests and also a cheaper and more flexible alternative to the experimental
approach. Galea [2) further extends this central point, which has considerable merit, provided that
the models can be carefully benchmarked and validated.

Field modelling as compared to zone modelling has the advantage of requiring less empiricism and
providing an additional degree of sophistication. It should be noted, however, that field modelling
is still an emerging technology in the simulation of aircraft cabin fires.

In the present work, field modelling is employed to analyse the transient development of
convective flow in the interior of an aircraft cabin when a radiation load from a pool fire is
suddenly imposed through an open cabin door or fuselage break. This particular configuration is of
relevance to post-crash fuel fires.

Surprisingly, Gales and Markatos' review (1) indicates that must modelling efforts of fires in
aircraft cabins have, thus far, been addressed to in-flight fires despite the high occurrence of the
post-crash fuel fires. For instance, Horsfall [3) reports on post-crash fires, and he states that
every year more than 400 passengers, when trapped in grounded aircraft, die of asphyxiation caused
by fire. This was further emphasized by Sarkos et al. [4,51 who mentioned that over a 20-year
period, all fire fatalities in United States air carrier accidents occurred during "survivable"
crashes.

In general, the Initiation and progress of aviation fires follow the major steps In

transportation and Industrial accidents [6). The fire is a result of fuel being spilled from

damaged piping and/or tanks and subsequently being ignited by contact with hot components. This
external fire engulfs the cabin and may gain access through structure breaks/openings due to impact

or open doors. The fire then propagates inside the passenger cabin, leading often to flashover
involving all combustible components within the structure.

2. STATE2ENT OF THE PROBLEM

An extensive full-scale experimental program has been conducted to simulate post-crash fires
employing a surplus McDonnell Douglas C-133 Cargomaster [4,5). An intact fuselage with an open door

and an external fuel fire was selected as the scenario for a survivable post-crash fire. The

opening adjacent to the fire was a widebody type-A door, as shown in Figure 1. However, this opening

was treated as a rupture rather than a door, In the sense that seats were located in front of it.

The focus of the present work is to analyse the early two-dimensional transient development of
the convective flow inside the cabin. It is assumed that the flow domain is a plane of symetry

placed normal to the door opening. To avoid masking the fundamental nature of the flow, no seats
were placed in front of the door. Conservatively, the walls are treated as non-conducting insulated
boundaries, and entrainment through the door was not considered. Figure 2 shows a cross section of
the test cabin with the relevant dimensions and superimposed computational mesh boundary conditions.

7I
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3. NUMERICAL MODEL

Governing Equations: The appropriate governing differential equations in physical primitive
variables are well known and can be described in Cartesian tensorial notation as follows:

Hass Conservation

ap/at + a(pwj)/ax i = 0 (1)

Motion

p[(aw/at) + wj(8Wi/aXj) ] - Fj + aoij/axj (2)

Energy

p[ae/at + wi(ae/axi)] + pawi/axi

= a(kaT/axi)/ax i + t (3)

where the symbols have the following meaning: e, specific internal energy; Fi, body force
density; k, thermal conductivity; P, thermodynamic pressure; t, time; T, temperature; wi, velocity
vector on the xi-direction, (u-wl; vw 2); xi, i-space coordinate, (x-xl; Y=x2); p , mass density;
aij , stress tensor; and 0, viscous dissipation function.

The cabin atmosphere is treated as an ideal gas, and since only the initial transient
development is o! concern, the Boussinesq approximation is applicable (i.e., the only property
variation taken into account is the density change in its contribution to the body force). The
viscous dissipation function, 0, in Eq. (3) is, in addition, neglected, since the viscosity and the
velocity gradients are relatively small.

The equations with the proposed simplifications are normalized using the properties at initial

ambient conditions and the full height of the cabin as reference parameters, and then transformed

from the Cartesian coordinate system (x,y) to the boundary-fitted coordinate system ( ,q). The

Cartesian velocities, however, are maintained as the dependent variables as proposed by Maliska and

Raithby (7].

The resulting equations, which exhibit a form similar to their Cartesian counterpart,, are:

aU + OV = 0
(4)

J-~ + -PD + -")

091r aq Oq

r= 1 ++s

= X(X, + tYn

= X2 + Y2

J = X(Y, - a

U = uy,; - Uzn

V = VX( - uy(

0, and S # V,9 ) have values as shown in Table 1, and Y and o are the kinematic viscosity and
thermal diffusivity at reference conditions, respectively.

The turbulent viscosity, vt , and turbulent thermal diffusivity, at, are obtained using a
prescribed eddy diffusivity model developed by Thompson et al. [8]. These authors reported that the
results from this model and a k-c formulation suggested by Rodi (9] are in good agreement, but that
the prescribed eddy viscosity model has a clear advantage in terms of computation efficiency.

Table 1. Variables in Equations (4) and (5)

Equation 0 r S(Q)

x-momentum U Prvt/v -y aP/af+y ala/

y-momentum V Prvt/Ii -xe aP/aq+xl aP/ae+JRa(T-Tm)

energy T at/c 0
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The symbols Pr, Ra and Tm refer to Prandtl number, Rayleigh number and mean temperature,
respectively.

Fire Model and Boundary Conditions: The boundary walls are modelled by considering them as
impervious, non-slip, thermally-insulated and non-conducting. The fire adjacent to the fuselage
open door is treated as a radiating blackbody surface at an uniform temperature following Eklund's
work [10). At the door itself, slip conditions are used, and in line with the assumption of a pool
fire in a quiescent environment in the early stages of the transient development, no flow through
the door is considered.

The model has the capability of simulating conducting walls with temperature gradients along the
circumferential and radial directions, and non-uniform grids in either direction can also be
employed along with temperature-dependent thermal conductivity. In the present study, however, due
to its exploratory nature, this capability was not activated.

Radiation Model: This model calculates the radiant exchanges between cabin atmosphere, fire and
bounding walls. The net radiation method for an enclosure filled with an isothermal gas as proposed
by Siegel and Howell [11] is employed. For this purpose the bounding walls and the fire are divided
into uniform temperature surface zones. The gas space is considered as a single volume zone with
uniform radiative properties. Configuration factors are calculated for each surface zone and the
energy balance equations are solved yielding the radiation heat flux at each zone. These equations
can be written for each surface as:

N 6kJ 1-c
Z ( N A dq,j

j.1 j k-j

E 
1
(
6
kj - Ak j nX,k-j) Eb,jdX (6)

J1

-k-j 'a,k-j EAb,g d ]

where the symbols have the following meaning: AkoJ - geometric configuration factor between
surfaces k and j; dqX j = infinitesimal heat flux leaving surface j at wavelength 1; dl -
infinitesimal increment ot'x; Elbj - blackbody emissive power at the temperature of surface i and
wavelength X ; E).bg = blackbody emissive power at the gas temoerature and wavelength X.'A k-j=
absorptivity of the gas between surfaces k and j at wavelength X ; Skj =Kronecker operator;(, i -
emissivity of surface j at wavelengthX; r1k- J = transmissivity of the gas between surfaces k and j
and wavelength),

Equation 6, is integrated over all wavelengths yielding an approximation of the total radiative
performance of the system.

The heat absorbed by the gas, Q., is obtained by carrying out an energy balance on the entire
enclosure using

Qg - - 1: dql1 kQ k~l f A0 dXk(7)

In this tentative radiative model, the major simplifying assumptions are: (i) a uniform
temperature for the cabin atmosphere at each time level, (ii) an equal distribution among all
computational control volumes of the heat Q and (iii) no production and influence of smoke or gases
from the wall materials.

Solution Procedure: The governing equations are discretized using a control volume approach and
solved using a segregated procedure as described by Hadjisophocleous [12).

The numerical model is composed of the governing equations, fire model, boundary conditions and
radiation model, and its solution proceeds according to the following steps:

1. Read and initialize all variables.
2. Calculate the heat flux by convection and radiation from the fire to the cabin contents and

bounding walls.
3. Employ the segregated procedure to solve free convection in the cabin.
4. Proceed to the next time step, return to 2, and continue until a preassigned time is

reached.



18-4

4. RESULTS AND DISCUSSION

Convergence Tests and Accuracy: The code was extensively tested as reported by Hadjisophocleous
et al. [13] for transient natural convection in enclosures of arbitrary geometry using the proposed
nonorthogonal procedure. One test case was the cooling of a square cavity by natural convection, a
configuration experimentally studied by Nicollette et al. (14). Predictions and experimental data
were in good agreement, particularly for the core region. In addition, the influence of the time
step size upon the accuracy of the predicted wall heat flux was also systematically investigated,
and the results of this study are used as a guideline for the present work, in which all
computations are performed for a time step of 1 second.

Imposed Constant Heat Flux at the Door: As part of the code evaluation, an option of uniform,
constant heat flux at the door is also considered. This particular condition is unrealistically
conservative, however, it does yield a reliable indication of the algorithm's numerical robustness.
Computations were carried out for heat flux of 0.10, 0.50, 1.00, 40.00, 80.00, 100.00 and 150.00
kW/m

2
. In each case the computations werp initiated at an equilibrium temperature of 27

0
C. Because

space precludes them, results are reported for heat fluxes of only 100.00 and 150.00 kW/m
2
.

Tables 2 and 3 summarize the development with time of the minimum and maximum cabin atmosphere
temperatures. Computations were discontinued at 80 s, since at these high temperatures the physical
assumptions used are no longer valid. Needless to say, that if fires with such high emissive power
were achievable, passengers located in the immediate vicinity of the door would have less than 5 to
7 s to evacuate this area. It should be reiterated that such conditions are hypothetical and highly
improbable.

Table 2. Air Minimum and Maximum Temperatures
(Heat Flux Input = 100 kW/m

2
)

Time (s) Temperature (K)
Minimum Maximum

1.0 299.9 511.5
5.0 300.0 611.7

20.0 422.4 917.1
40.0 763.5 1269.0
60.0 1110.6 1634.0
80.0 1475.1 1976.4

Table 3. Air Minimum and Maximum Temperature
(Heat Flux Input - 150 kW/m

2
)

Time (s) Temperature (K)
Minimum Maximum

1.0 300.0 588.6
5.0 300.1 733.5
20.0 526.3 1168.0
40.0 1055.5 1705.1
60.0 1622.9 2244.1
80.0 2112.1 2775.7

Figure 2 depicts the nonorthogonal computational mesh used to simulate the domain (A-A') shown
in Figure 1, and locations x1, x2 and x3 were selected for the vertical temperature profiles
(Figures 3 and 4).

For the sake of completeness the velocity streaklines (Figures 5 and 6) are also included to
give a better understanding of the flow patterns.

In Figures 3 and 4 it can be seen that convection plays an important role from the very early
stages of the transient development. The observed "knees" on the upper portion of the temperature
profiles at stations x2 and x3, particularly in Figure 4, are due to the spreading at the cabin
ceiling of the buoyant plume rising along the door. It is interesting to note that, independent of
the actual values, the profiles at stations x2 in Figures 3 and 4, respectively, show marked
differences. Both Figures 5 and 6 show very similar flow patterns; however, the intensity of tha
notion is quite different and this somehow explains why, for the lower heat flux, the vertical
temperature profile at location x2 (Figure 3) indicates strong stratification.

Finally, it should be mentioned that the combination of a constant heat flux and a'z inpervious
boundary at the door yields, as would be expected, no steady stdte solution for the governing
equations.

Time-varying Heat Flux at the Door: As discussed in Section 4, the present computational tests
were conducted with the door treated as a radiating blackbody with a uniform temperature of 1296 K.

This yields an initial blackbody emissive power of approximately 160 kW/m
2 

which decreases with
time. As shown in Figure 7, up to 40 a (Figures 7(a), (b) and (c)), the temperature distributions
resemble those for constant heat flux (100 kW/m

2 
and 150 kW/m

2
). The striking difference in this

results is the occurrence of strong stratification starting at about 52 s (not shown), and depicted
in Figures 7(d), (e) and (f) for 60s, 80 s and 90s, respectively. For 90 s, the temperatures are

i I
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well beyond the survivability range, but it should be noted that this result is only valid on the
domain normal to the door.

The velocity streaklines (Figures 8(a)-(f)) give a clear indication of the coupling between the
temperature distribution and velocity pattern. For 80 and 90 s (Figures 8(e) and (f)) the main
motion occurs in the corner regions and particularly in the upper region of the cabin a strong
mixing layer is apparent.

5. CONCLUDING REMARKS

The final objective of this study was to investigate the suitability of a numerical scheme
previously employed in the fire safety modeling and assessment of pressure liquefied gas tanks to
predict the thermal response of aircraft cabins subject to high radiation loads. Tests performcd
indicate good numerical robustness and excellent convergence rates. Typical compating time per
nodal point, outer cycle and time step on the University of New Brunswick's IBM 3090/180-VF
mainframe without using the Vector Facility (VF) is approximately 2 * 10-

4 
s. To achieve

satisfactory convergence in each time step only 4 to 5 outer cycles are required. Each outer cycle
comprises steps I to 4 of the "Solution Procedure" reported in Section 3. Solutions are judged to
have converged when the error norm for the momentum equations, and the normalized mass residual are
both less than 10

-5
.

Currently the algorithm is being revised and enhanced in several areas, namely:

i) The assumption of an isothermal gas in the radiation model is to be removed by an improved
zone model;

ii) Extension to three-dimensions is being considered to accomodate cylindrical-type
geometries;

iii) Implementation of boundary conditions to accormodate for material behaviour under high

temperature, including emissivities, ignitability and smoldering limits; and

iv) A smoke concentration option is being tested.
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(a) 1.0 s; (b) 10.0 s; (c) 40.0 S; (d) 60.0 s;
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DISCUSSION

G. COX (comment)
Maybe I went through my slides too quickly. Predictions

can readily be made for known heart release rate histories on
fire growth curves. To deal with the solid phase except for
the simplest of fuels, I agree that pragmatic approaches are
necessary.
The coupling of gas to solid phase is made through the radiant
heat transfer predictions.
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ABSTRACT

VULCAIN is an expert system which allows rapid fire risk analysis within complex industrial environments. It works
step by step as a function of the risk criticality. It uses:

-As a first step, a risk analysis using standards
- Then more complete diagnosis based on various aspects which are not covered by standards (viz. fire propagation

on targets, influence of both natural and forced ventilation)
- Finally complete spatial and temporal numerical simulations of fire propagation where temperature vs time

diagrams are obtained to characterize fire propagation and/or extinction.

VULCAIN is a very convivial software tool to carry out complex sensitivity analysis concerning all critical parameters
(combustible material, openings, wall thermal and chemical characteristics) and systematic studies concerning a given
criterion (for instance : possibility of fire control by human means).

All the knowledge base within VULCAIN has been validated with respect to small and full scale experiments. Good
results have been obtained for such industrial sites as: nuclear power plants, storage areas, submarines. Its use can be
envisaged for vulnerability studies of airplanes.

RESUME

VULCAIN permet, suivant le site dtudi6, de ddterminer rapidement le risque incendie, avec plusieurs niveaux de
prdcision en fonction de la "criticit(" du cas. II utilise:

-e. premiere approximation une dvaluation foumie par les normes
- puis des diagnostics complets sur differents aspects (propagation sur des cibles, influence des ouvertures ou

ventilation, ...)
- et enfin une simulation num~ique spatio-temporelle qui permet d'alfiner les diagnostics pr&dents et de fournir

des diagrammes d'dvaluation du feu dans te site considr6 en fonction du temps.

La souplesse et ]a convivialit de VULCAIN permettent d'effectuer facilement des 6tudes de sensibilit sur tous les
parambtres d'entrde (position du combustible, des ouvertures, caract(ristiques des parois, ...) ou des tests
systtmatiques sur un crit~re pr&is (ex : possibilit6 d'intervention humaine).

Toutes les connaissances de VULCAIN ont 6tt6 validces par des comparaisons A des cas tests. Des essais en vraie
grandeur ont montrd que VULCAIN donne des r~sultats prcis et coh~rents pour des sites industriels aussi varies que
des centrales nuclhaires, des sites de stockage, des sous-marins. Son application A des 6tudes de vulndrabilit6
d'adronefs est aussi possible.

- ------- - ______________•___ - -.- .---- --
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1 - HqIROUCTION

The fire expert's approach to risk analysis is progressive starting with hypotheses on fire initiation, the evaluation
uses the standard formulas (ISO, TNO, ...) and gives first the duration of the fire and the peak temperature in the
building on fire. Various conclusions can then be derived from these results, concerning the behaviour of the
materials, the usefulness or the feasibility of human intervention, etc

For ten years now, the experts of the Thermodynamic Direction of BERTIN have improved this procedure in three
ways:

- by introducing a more accurate physical analysis of the phenomenae involved, in order to refine the computation of
the variables used by the norms (fire duration, peak temperature). A continuous relationship between temperature
and time is then established

- by evaluating these improved computation methods against full scale or reduced scale experiments

- by integrating technical data in the diagnosis steps, which allows a better evaluation of the efficiency of human
intervention or automatic fire fighting

The various aspects of this approach have been gathered into an expert system: VULCAIN

With VULCAIN, users have a convivial tool allowing to study in a short time a wide range of fire scenarii, with in
each case an identical procedure for risk evaluation. Also, the system has been designed for an easy adaptability:
experts and computer scientists can make it evolve as new technological or scientific knowledge is acquired.

The software has a general structure, and can easily be personalized for specific needs, in particular for fire risk
evaluation or aided design for maximum security in dosed area such as in factories, ships or aircrafts.

2- 1ESCRIPTION OF VULCATN

2.1 - Architecture

VULCAIN deals with three kinds of information (fig. 1):

1) The position of the inflammable materials in the premises on fire, and the ventilation conditions

2) The expert deduction knowledge covering four levels:

- the norms and related calculations
- the simplified physics of fire, in order to improve the evaluations given by the norms
- a model for fire-spreading simulation, implemented in the module VESTA which produces a

continuous relationship between temperature and time and yields an accurate estimate of fire evolution
- the technological or technical criteria which adthorize the evaluation of fire-fighting methods

The knowledge is modeled :

- in a fact base for the description of the configuration to be studied (geometry of the premises, fuels,
ventilation ...)

- in a data base for the thermo-physic characteristics of materials and fuels
- in a knowledge base structured in two levels for the know-how of aerothermic and fire technology

specialists, and for the basic physical knowledge (thermodynamic laws, thermal models)

The data and fact bases can be directly accessed through appropriate interface, by the operator who can adapt them to
the case to be studied.

The software is written in three languages:
- PROLOG II, for the general management of the system, and particularly for facts manipulation, hypothesis

verification, model choice and some simple calculations

- FORTRAN for the computation (model simulation)

- PASCAL for user interfaces
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2.2 - How the system functions

The user is guided by the software to follow the procedure of an expert

ft 1: the user gives the expert system the geometrical data of the premises (walls, openings), the positions of and
data on the combustible materials, the ventilation,...

2: strict application of the norms allows for an evaluation of the risk level, based on the use of a classical
procedure

Step 3 the user sets a starting fire scenario. Order of magnitude calculations based on physics provide an improved
evaluation by giving values (temperature, time) closer to the real valued than in step 2

Ste 4 : if the uncertainty level on the results is given by the expert system as too high, the user can ask the module
VESTA a time variation of several characteristic variables such as : burnt gas, walls, ceiling and floor temperatures,
gas flow, etc ... These values allow a better evaluation of the risk and a more precise estimation of the intervention
possibilities once the fire has broken out.

The approach used consists in reproducing the risk logic defined by the experts: the diagnosis works on the basis of
backward chaining (see figure 2).

For the global evaluation of the situation, the system considers successively different kinds of risks (for example
spread burning, propagation to distant fuel targets, ...) and verifies if all the conditions are present for the starting of
the phenomenon.

This examination of the risk tree leads to a characterisation and a classification of each case studied.

3 - VALIDATION OF VULCAIN AND APPLICATIONS

3.1 - Validation

The validation of the expert system has been conducted in two steps:

- At the coding level: it was important to check that the interpretation and the formulation made by the expert system
developers did not introduce a bias in the procedure and reasoning specified by the expert. This verification has
been made by a sensivity analysis on the influence of input parameters on the output values. This analysis has been
validated by the experts who provided the knowledge.

- On the expertise level: the problem was to verify and qualify the expertise itself. This step, more difficult, has been
performed by matching VULCAIN outputs against simulations, real experiments and other expert opinion.

The presence, in the same company, of the experts and the development team has made the validation phase, and the
initial step of knowledge formulation much easier.

One of the real experiments used for the validation is the fire of a polyrethane sofa. This experiment has been
performed by the Technical Institute of Lundt in Sweden. This combustion of a sofa, in a room of about 9 square
meters, with an open door, simulates a possible house fire (figure 3).

As it is shown in figure 4, the maximum temperature level predicted by the norms ISO et TNO is quite lower than the
one given by VULCAIN (5500). However, the fire durations calculated by the norms (100 s) and VULCAIN (120 s) are
very similar. In fact, the very specific nature of the fuel - polyrethane block - forbids a precise prediction of this value
without a more precise description of its combustion. This is what is provided by the VESTA module, which gives a
satisfactory prediction of the time dependant fire evolution.

The koowledge of the evolution allows, at the sane time, a better evaluation of the risk level, and a precise study of
fire prevention policies in similar premises (influence of the openings, remote inflammation, ...).

3.2 - Applications

Two cases illustrate the capabilities of application of the system:
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3.2.1 - Oil fire in a large ventilated room

This accident is typical of energy producing installation or industnal plants, where oil is used as lubrification or
hydraulic transmission fluid.

The experiment studied by the French Commissariat for Atomic Energy considers the evolution of an oil fire (10 kg on
I m2), in a ventilated room (dimensions : 9 X 6 X 7,6 in). On the results shown in figure 5, it can be noticed that
VULCAIN leads to a preliminary diagnosis very coherent with the results of the experiments : average burnt gas
temperature of 200*C for a duration of 400 s. In this case, the norms lead to an over-evaluation of the maximum
temperature (norm ISO) or an under-evaluation, which could be dangerous for the installation. Once again, the
standard fire duration (35 s) given cannot lead to a rational policy of prevention.

The burnt gas temperature given by VESTA is very close to the gas temperature measured just under the ceiling and
the burnt gas temperature at the extraction outlet level (after mixing with fresh air). The interest of the VESTA results
concerns again the intervention policies in the room, including the influence of the ventilation conditions.

3.2.2 - Oil fire in a submarine

Due to the importance of ventilation, VULCAIN evaluates a peak temperature level (2000 c) slightly higher than the
temperature reached during the experiments, and a fire duration of about 14 minutes, while the norms ISO and TNO
give 70 seconds (figure 6).

The results given by VESTA indicate a good agreement at the burnt gas temperature levels.

In a submarine, another important parameter is the evolution of the oxygen-rate in the room, after the fire breaks out.
Figure 7 compares the computed and measured evolution of the oxygen-rate : the knowledge of this parameter is
fundamental to suggest prevention and intervention policies in a closed area.

4 -U. _ L

VULCAIN is presently used for internal needs at BERTIN, for instance for systematic analysis of fire risks in 900 MWe
nuclear power plants. The system brings a solution to the requirements of rapidity of studies and unified approach.

4.1 - Use in nuclear industry

The French Commissariat of Atomic Energy has a specific version of VULCAIN which includes additional knowledge
related to nuclear environment (ventilation filters, fighting means, ...).

The expert system is mainly used for fire risk analysis in nuclear power plants and subsequent studies to define
improved conditions in critical cases.

The operators do not have a computer background, but they have a good level of knowledge in fires. This feature
leads to -mphasize two points. the user friendliness and ergonomy of the software and the explanation of the various
diagnosis. In particular the operator inte. face includes an on-line help function.

Concerning diagnosis, two levels of explanations can be obtained :

- a short justification of the diagnosis to allow results interpretation
- a summary of the reasonning and the intermediate steps that led to the diagnosis

4.2 - Other uses

- Manufacturing industries which are particularly fire prone such as food industry, oil industry, and for which fires are
linked to important economic consequences.

- Insurances

VULCAIN can be transformed into a handy tool allowing insurance companies to perform quick evaluations, based
on scientific arguments, of fire risks of industrial installations.
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- Aircraft industry

Even though VULCAIN has not yet been used in applications related to the aircraft industry, it can easily be
envisaged to take advantage of its assets such as rapid and accurate diagnosis, scientific and technological bases,
easy manipulation, to examine fire risks and fire fighting procedures

- in manufacturing and aircraft assembiy halls
- inside the aircrafts, in passenger or cargo areas

Indeed, the architecture of VULCAIN and the techniques used allow an easy personalization of the tool by taking
into account specific characteristics and by performing analysis such as:

- fire risk evaluation
- qualification of an environment against given risks
- aid for the design of the organization of premises to reduce fire risks
- aid for the definition of fire fighting procedures.

I
I I

EfUE- ARCIIECTURE OF VIJICAIN
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DISCUSSION

G. COX.
Risk implies a probabilistic approach. Is this a risk or

hazard assessment model?

AUTHOR'S REPLY:
It is a hazard assessment tool from P. Mereau, Bertin and

Co.

E. GALBA
How have you obtained the knowledge base?

How easy is it for the end user to modify the knowledge base?
Once a solution procedure has been selected by the system (eg
Zoneoodel, fieldmodel) does the expert system further decide
on the type of sub-model components which are to be used eg.
if a field model approach was selected would the system decide
on the type of turbulence model?

AUTHOR'S REPLY:
The knowledge base was obtained by interviewing experts

from Bertin. These are Thermo-physicists specialized in
combustion problems for over 10 years. The version developed
for nuclear installations has been completed with additional
knowledge supplied by fire specialists of the French Atomic
Energy Commission.
The end user can easily modify the fact and data bases through
menu driven interfaces and editing capabilities. However, the
knowledge base cannot be modify by the end user. This requires
some knowledge of PROLOG and it is performed by Bertin upon
request.
In its actual form, the system does not choose between zone
and field models, only zone models are implemented.
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HOT SURFACE IGNITION STUDIES OF AVIATION FLUIDS

R. G. Clodfolter
Aero Propulsion and Power Laboratory

Air Force Wright Aeronautical Laboratories
Wright-Patterson Air Force Base, Ohio 45433-6523

USA

SUMMARY

Hot surface ignition temperature testing was performed in the Aircraft Engine
Nacelle Fire Test Simulator (AENFTS) located at Wright-Patterson Air Force Base,
Ohio. The objective of this test program was to measure Minimum Hot Surface
Ignition Temperatures (MHSIT) of five common aircraft fluids (MIL-H-5606 and
MIL-H-83282 hydraulic fluids, JP-4 and JP-8 fuels and MIL-L-7808 lubricating
oil) using an air-heated bleed-air duct in a high realism test article.

A simulated portion of the F-16 engine compartment and F100 engine was inserted
into the AENFTS and the five aircraft fluids were injected as spray or drips
(streams) onto various locations on the hot bleed-air duct. Ventilation air
pressure, temperature, velocity and the flammable fluid flow rate were varied to
study their effect on the MHSIT of these fluids.

The results show that MHSIT is dependent on both fluid application mode, spray
or drip, and application location. MHSIT increased for all test conditions as
ventilation air pressure decreased. Increasing ventilation air temperature
tended to decrease the MHSIT. Although MHSIT increased with ventilation air
velocity increases, this is not a dependable safety criteria since stagnation
regions are known to exist in engine compartments. In general, due to the high
level of simulation achieved in this program and the wide scope of the test
conditions, the results will be of significant value in the fire safety design
of future aircraft systems.

INTRODUCTION

This paper describes tests performed to define the Minimum Hot Surface Ignition
Temperature (MHSIT) for five fluids commonly found in an aircraft engine
compartment, MIL-H-5606 and MIL-H-83282 hydraulic fluids, MIL-L-7808 lubricating
oil and JP-4 and JP-8 fuels, when they were sprayed or dripped (streamed) onto a
hot engine bleed air duct (1.5" O.D. Inconel tubing 0.035" thick). For
simplicity, these fluids will henceforth be referred to as 5606, 83282, 7808,
JP-4 and JP-8. These tests were performed to provide a better understanding of
the mechanism and risk of hot surface ignition in an aircraft engine compartment
and to improve the existing data base available to the aircraft designer.

The hot surface ignition tests were conducted with two test articles:

1. SIMPLE DUCT TEST - A short section of bleed duct mounted in an
uncluttered test section, heated alternately by electrical resistance heaters
and by hot high pressure air

2. HIGH REALISM TEST - A F1OO-PW-200 engine right-side bleed duct mounted
in a test section cluttered by actual engine components and simulated F-16
aircraft structure.

The test facility employed, the Aircraft Engine Nacelle Fire Simulator (AENFTS),
located at WPAFB, Ohio, is equipped so that the velocity, pressure and
temperature of its simulating engine compartment ventilation air could be varied
to represent a variety of aircraft flight conditions.

This paper will concentrate on presenting some of the test results, with little
discussion of the test methodology, hardware and analysis of the results. A
complete discussion of the program is contained in AFWAL-TR-88-2101, "Hot
Surface Ignition Tests of Aircraft Fluids", published early in 1989 (Reference
1)

BACKGROUND

During the fire safety design of an aircraft engine compartment, it is necessary
to define a surface temperature which is considered safe for the fluids and
environmental conditions of interest. If this temperature is exceeded, then
other fire protection measures may be required. The Auto-Ignition Temperature
(AIT) as determined by method ASTM D 21E5 is generally considered the lowest
temperature at which fluid vapors will spontaneously ignite in air at
atmosphoric pressure with no external source of ignition. Some
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companies/designers reduce the AIT by 500F to define a safe operating
temperature. Some use the AIT value directly while others select a temperature
up to 200 F greater than the AIT based on hot surface ignition testing under
more realistic conditions than ASTM D 2155. A summary of the results of
previous hot surface ignition studies (References 2 to 6) is given on Figure 1.
The plotted temperatures should be reduced as noted for each study in order to
estimate the temperature at which ignitign would not occur. This is due to test
methodology and measurement errors. A 5 F reduction in the ASTM D 2155 AIT
value is acceptable due to the known precision of this test method.

Due to the wide range in safety criteria presently used, the current program was
initiated to investigate realistic test conditions not previously possible in
order to better select a safe design temperature without over-designing which
could be an operational penalty or under-designing which could cause loss of an
aircraft.
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OBJECTIVE

The objective of the first part of the program, "THE SIMPLE DUCT TESTS", was to
investigate the phenomenon of hot surface ignition of flammable fluids within an
aircraft engine compartment with a test article that was simple enough to allow
control of most of the test variables. This part of the program was planned to
allow:

1. comparison to past data, especially the General Dynamics data (Appendix
A of Reference 6).

2. determining the differences between an electrically heated duct and an
air heated duct.

3. determining the differences between aircraft fluids
4. investigating the effect of clutter.
5. investigating the effect of duct orientation (horizontal or vertical).

The objective of the second part of the program, "THE HIGH REALISM TEST", was to
determine the minimum hot surface ignition temperatures for each aircraft fluid
of interest over a range of severe but realistic aircraft operating conditions.
These tests were intended to provide design information, that had previously
been unavailable concerning safe surface temperature limits within aircraft
engine compartments, based on the actual aircraft fluids and the temperature,
pressure and velocity of the compartment ventilation air flow.
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The test fluids had the following properties: JP-4, 490 0F IT; JP-8, 475'F AIT
and 118 F F.P.; 7808J, 725 F AIT and 460 F F.P.; 7808H, 715 F AIT and 4500 F
F.P.; 83282, 700°F AIT and 430°F F.P.; and 5606, 440°F AIT and 192

0
F F.P. (AIT

per ASTM D 2155 and flash point per ASTM-D93 for JP-8 and 5606 and ASTM-D92 for
7808 and 83282.)

TEST FACILITI

The AENFTS is a ground test facility designed to simulate the fire hazards which
exist in the annular compartment around an aircraft engine. The AENFTS is
located at Wright-Patterson Air Force Base, Ohio. This facility (Fig. 2)
includes air delivery and conditioning equipment designed to simulate engine
compartment ventilation air flow, a test section within which fire testing can
safely be conducted, and an exhaust system which can cool the combustion
products and scrub them sufficiently to allow their release into the atmosphere.
In addition, it includes a gas fired heating system to provide simulated engine
bleed-air to the test section. Up to 1500 F and 220 PSIA could b6 provided at
flow rates up to 1 pound per second at the exit of this heater.

'STORGEI SCRUBBINGFA4

MIAS'M'T & CONTiROL
ATMOSPHER IC

GLYCL ) -,--"-"BLOWER
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RADIANT 1AESDUCT HEATERS

QUENCH

FIGURE 2. AENFTS FACILITY

The test section of the AENFTS is a two radian (114 degree) segment of the
annulus between a 15-inch radius duct, which simulates an engine case, and a
24-inch radius duct, which simulates the engine compartment outer wall. The
test section is approximately 14 feet long and is equipped with access ports and
viewing windows that are provided for access to test equipment and
instrumentation and for observation of the test activities taking place within
the compartment. To simulate a more realistic environment, having the
complexity of tubes, ribs, clamps, wires and othar flow disturbances of a real
aircraft engine compartment, a portion of the F-16 aircraft nacelle was
simulated. Components from the forward right side of a F100 engine, as it
exists in the portion of the F-16 engine compartment selected for simulation,
were installed on a 5-foot long simulated engine side stainless steel base plate
constructed to fit the engine side of the AENFTS test section (Fig.3). The
final assembly represented one-third of the engine compartment annulus. The
remaining AENFTS test section length, approximately 60 inches, simulated the
less cluttered annulus around the afterburner.

The balance of the AENFTS facility included 8800 pounds of air stored at 2000
psi to allow high pressure testing, simulating ram air at high speed and low
altitude and to drive an ejector for low pressure testing, simulating high
altitude flight. Five hundred kilowatts of electrical power was available to
heat the nacelle ventilation air and, although not used in this program, a
21-ton refrigeration system at -50 F was available to cool the ventilation air.
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up to 11 pounds per second of ventilation air was available from a blower at
atmospheric conditions. Additional details of the AENFTS may be found in
Reference 7.

Both "THE SIMPLE DUCT TESTS" and "THE HIGH REALISM TESTS" used the AENFTS
facility and both had similar heated bleed air ducts. Only "THE HIGH REALISM
TESTS" contained the clutter associated with the F-16.

MKSAI VO COrIReD X

FIGURE 3. HIGH REASLIS TEST 0RTICLE

TEST PROCEDUMRE0,

In this test program, the bleed air duct temperature was started from a high
valueowhere fluid ignition was insured. The duct temperature was then reduced
by 5O F and the fluid was reinjected with all other variables such as
ventilation velocity, fluid flow rate, etc., held constant. The optimum amount
of test fluid to be injected had previously been determined. This process was
repeated until ignition did not occur. Two additional injections were then
performed at that duct temperature. When a bleed duct temperature was reached
where no ignitions occurred in three attempts, testing at those ventilation air
conditions and test fluid conditions was ceased. The minimum hot surface
ignition temperature (MHSIT) was defined to be he lowest bleed duct temperature
that produced ignition and was approximately 50 F above the temperature where
three tests without ignition had occurred. For example, at location DL2 on
Figure 4 the MiSIT was approximately 940 F for a 5606 drip of 2 milliliters per
second. MHSIT data for the five test fluids was obtained in this way throughout
the test program. There was the potential for a 25 F error in the temperature
measurement, therefore, a conservative value for the "no ignition temperature"
would be about 75 F below the MHSIT.

During the initial phase of the high realism test program, six locations on the
bleed air duct were investigated individually to determine the MHSIT for a fluid
drip. (NOTE: Drip and stream are used interchangeably in this paper.) These
locations are noted as DL1 through DL6 on Figure 4. Also two fluid spray
locations were investigated. Location SFD was downstream of the bleed air duct
and SFU was upstream of the duct. On Figure 4, the 1 EPS denotes a ventilation
air velocity of one foot per second, the 2ML/S drip Is 2 milliliters per second
fluid drip for locations DL1 through DL6 and the 8 ML/S spray is 8 milliliters
par second fluid spray at locations SFD or SFU. After an understanding of which
locations resulted in the lowest value of WISIT was reached, only these
locations were investigated in later phases of the program as other parameters
were varied.

1. SIMPLE DUCT TEST RESULTS

a. For most of the test conditions, the duct with a cushion loop clamp
generated lower MHSITs than the bare duct (without clamp).

b. Method of duct heating is important. ,ower MHSITs were generallymeasured with the air-heated duct than with the electrically resistance heated
duct. This was probably mostly due to the higher heating rate available with
the air-heated duct.

c. Lower MHSITs were noted when the duct was mounted horizontally and normal
to the air flow compared townt wenie t ab vertical and normalt tmphe air

flow.
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The "SIMPLE DUCT TEST" results are presented on Table 1.0 The General Dynamics
data ((Reference 6) shown on Table 1 was increased by 50 F to allow comparison
with the present data. The General Dynamic reported temperatures were the
highest value for no ignition whereas the present program reported the lowest
temperature value that resulted in ignition.

TABLE 1. SUMMARY OF RESULTS FOR TIlE SIMPLE DUCT TESTS
FLUIDS SPRAYED FROM UPSTREAM -- AEHFTS HORIZONTAL EXCEPT AS NOTED

(AIP AT 14.4 PSIM Z 128 DEG. F)

w NO TEST VENTILATION AIRFLOW VELOCITY (FT/SEC)
8 I 2 4 6 a

5686 - SIMPLE DUCT

AIR HEATED SIMPLE DUCT * 1368 128 1388 >1358 >1358
AIR HEATED SIMPLE DUCT * >1358 >1358 >1358 
(REHFTS VERTICAL)

RESISTANCE HEATED SIMPLE DUCT W 1158 1178 1368 1518 1558
G. D. (RES. HTD. BARE DUCT) 1168 1868 1268 1368 1478 1488

5686 - DUCT WITH CUSHION CLAMP
AIR HEATED DUCT WITH CLAMP * 1188 1188 1158 1288 1388
RESISTANCE HEATED DUCT V/CLAMP * 1158 1178 1198 1328 1388
0. D. (RES. HTD. DUCT V/ CLAMP) 1198 1188 1878 1378 1478

JP-4 SIMPLE DUCT
AIR HEATED SIMPLE DUCT * >1358 >1358 >1358 >1358 >1358
RESISTANCE HEATED SIMPLE DUCT * 1378 1378 1588 1528 1548
G. D. (RES. HTD. BARE DUCT) 1398 * 1378 1388 1388 1398

JP-4 DUCT WITH CUSHION CLAMP

AIR HEATED DUCT WITH CLAMP W 1258 1258 1358 * 1348
RESISTANCE HEATED DUCT W/CLAMP W 1368 1438 1518 1528 1548
G. D. (RES. ITD. DUCT U/ CLAMP) 1378 * 1368 1438 

2. HIGH REALISM TEST RESULTS

a. Table 2 presents the effect of ventilation air velocity on MHSIT for the
test fluids under several fluid injection conditions. The drip locations shown
had previously been determined to represent worst case locations. Caution is
necessary if these test results are to be applied to an aircraft design problem.
While the effect of increasing the velocity was, as anticipated, to generally
increase the MHSIT's, these velocities were measured in a single location within
the test article. In an aircraft engine compartment, there are also regions of
higher velocity and regions of stagnation. Unless the designer is confident of
uniform air flow, the minimum MHSIT's found in these tests should be applied
with the understanding that low local velocities may well exist in the vicinity
of an aircraft bleed duct or other hot surfaces.

b. Table 3 shows that as ventilation air pressure increases, the MHSIT
decreases for all conditions evaluated except for JP-e at 14.9 psia and 20 psia
and this exception was within experimental error.

c. Table 4 gives the effect of increasing ventilation air temperature on
MHSIT.

For the above tables, the MHSIT's measurements uncertainty is 8pproximately
+25 F and -75 F. The >1350 denotes no ignition up to the 1350 F maximum
temperature due to facility limitations with the air heated bleed duct.

DISCUSSION OF TEST RESULTS

1. The injection location was found to strongly affect the MHSITs in the "HIGH
REALISM TESTS". A variety of factors, including the local ventilation air
velocity and temperature and the heat transfer coefficients of the particular
fluid contact site on the duct, affected w...,t MHSIT was determined for the
fluid. It was found that a stream (drip) onto a horizontal bare section (DL3 of
Fig. 4) of the duct ignited 5606, 83282 and 7808 at the lowest temperatures. It
was found that a stream onto a horizontal section of the duct where a clamp was
located (DL5 of Fig. 4) ignited JP-4 and JP-8 at the lowest temperatures.
(Note: The AENFTS test section was mounted in the vertical position.) It was
also found that spray from downstream also ignited 83282 at a relatively low
temperature. For the range of spray and stream flow rate that were
investigated, little effect of injection flow rate or duration was observed.

2. The MHSITs of all five test fluids, both spray and stream, increased
dramatically as ventilation air pressure was lowered. Hence, MHSITs are
significantly increased for aircraft at altitude.

3. The HSITs of all five fluids generally decreased as the ventilation air
temperature was increased. The MISIT of Z808, however, was affected only
slightly. With an air temperature of g00 F, the MHSIT of 83282 (spray and
stream) was below the fluid's AIT (700 F per ASTM D 2155).
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TABLE 2. SUMMARY OF THE EFFECTS Or AIR VELOCITY ON MHSIT

VENTILATION AIRFLOU VELOCITY (FT/SEC)
(14.4 PSIA a 128 DEG. F)

a 1 2 4 6 8 11

DRIP
INJECTION FLUID
LOCRTIOH

OLZ 5666 78 748 848 999 1846 1148
DL3 83282 88 790 846 808 840 856 1188
DL3 7888 W 998 998 1898 1698 1138 1230
DL5 JP-4 1250 1288 1288 1258 1268 1210 1328
DLS JP-8 1166 1156 1158 128 1258 1268 1228

SPRAY
FROM 5686 1838 188 1218 1188 1200 1258 *

UPSTRE AM
5686 s 1168 758 1308

SPRAY 83282 736 866 888 756 888 1818 1228
FROM 7888 e 116 1860 * * 1278

DOUMSTREAM JP-4 * 1158 1169 * * 1336
JP-8 1158 1188 * 1290

N NO TEST

TABLE 3. SUMMARY OF EFFECT OF AIR PRESSURE ON MHSIT
ALTITUDE SIMULATION RR SIMULATION

(2 FT/SEC 1 126 DEC. F) (liFT/SEC Z 126 DEG. F)
PRESSURE 5 18 14.4 14.4 20
(PSIA)

DRIP
INJECTION FLUID
LOCATION

DL3 5686 1328 1108 748 1148 1888
DL3 83282 1356 1156 846 1188 846
DL3 7888 >1350 1348 996 1230 1146
D15 JP-4 >1350 1218 1286 1328 1248
DL5 JP-8 >1358 >1358 1156 1228 1240

5686 >1358 >1356 758 1388 128
SPRAY 83282 )1358 >1358 889 1226 828
FROM 7888 >1358 >1350 1866 1276 1198

DOUNSTREAM JP-4 >1358 >1358 1168 1338 1248
JP-8 >1350 >1350 le 1298 1250

SPRAY
FROM 5686 * 1218

UPSTREAM I
* NO TEST

TABLE 4. SUMMARY OF THE EFFECT OF AIR TEMPERATURE ON HHSIT

VEHTILRTION AIRFLOU TEMPERATURE (DEC. F)
(14.4 PSIA & 2 FT/SEC)

128. 368 68
DRIP

INJECTION FLUID
LOCATION
DL3 56e6 748 648 688
DL3 83282 846 750 68
DL3 7808 996 1840 856
DL5 JP-4 1188 1218 1188
DLS JP-8 1130 948 1640

S666 758 788 608SPRAY 83282 088 658 #
FROM 7868 1660 186 956

DOUNSTREAM JP-4 116 1658 758
JP-8 i188 958 688

N 8T282 WOULD IGHITE V11H 11 IRTEMPERATURE
AT 686 DEG. F EVEN WITHOUT DUCT HEATING

SUMMARY OF HIGH REALISM TEST RESULTS

4. For all fluids, the MHSIT for both spray and stream was higher at a velocity
of 8 ft/sec than at a velocity of 1 ft/sec. The tHSITs of JP-4 and JP-8 (spray
and stream) were affected only slightly by velocity, however.

5. The effect of ventilation air temperature on the MHSIT of JP-4 and JP-8 was
different for spray and stream fluid introduction. High ventilation air
temperatures dramatically decreased the MHSIT of JP-4 and JP-8 spray while
affecting the MHSITs for stream introduction only slightly. This was probably
because the spray droplets were preheated in heated air before they made contact
with the hot duct while the Zluid stream had less time for preheating before it
struck the hot surface.

6. In general, the hydraulic fluids, 5606 and 83282, tended to ignite at lower
MSHITs than the JP-4 and JP-8 fuels. Lubricant 7808 was somewhere in between
for the majority of the test conditions.
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7. Both fluid injection modes, spray and stream, are important in determining
the lowest MHSIT depending on test conditions and type of fluid.

8. The "HIGH REALISM TESTS" with their associated clutter gave lower values of
MHSITs than the "SIMPLE DUCT TESTS". This difference may have even been greater
if the AENFTS test section had been horizontal for the "HIGH REALISM TESTS".

9. The actual MHSITs may be up to 75°F lower then the values generated in this
study due to measurement uncertainties. The MHSITs, based on the "SIMPLE DUCT
TEST" results, could have been even lower if the AENFTS test section was mounted
horizontally.

10. In reference to Figure 1, the results of this program would plot as
follows: 5606--700 F, 83282--750°F, 7808--9900 F, JP-4--1150 F, JP-8--1100°F.
The no ignition temperature could be up to 75 F lower due to test methodology
and measurement errors. Figure 1 together with the present results demonstrate
the dependency of MHSIT on test hardware and test procedures.

11. Many of the MHSIT values generated in this program may have been lower if
the heated test section was mounted horizontally, if the test section was larger
in heated area, and if the initial temperature of the test fluid have been
higher. (Note: In this test program the fluid injection temperature was near
ambient. In current engine compartments the fluids of interest may be as high
as 325 F for the fuels, 2750F for the hydraulic fluids and 350 F for the
lubricants.)

12. To determine the maximum safe design temperature, the highest operational
compartment temperature and pressure should first be established. At these
conditions, the lowest WHSIT, independent of ventilation air flow but at least
zero ft/sec, should be noted for each fluid of interest and both injection modes
(spray and stream). All relevant hot surface ignition information should be
considered. The lowest value o& MHSIT resulting from the above procedure should
then be reduced by at least 150 F to arrive at the maximum safe design
temperature. Elevated fluid temperatures and large hot surfaces (engine case)
were not considered in the above suggested reduction of at least 150 F.)

CONCLUSIONS

The results of the present study add significantly to the data base available on
hot surface ignition temperature particularly for aircraft engine compartment
design. The most important features of the new data are:

1. their collection on a simulated portion of an F-16 nacelle using real
components and system configuration.

2. a systematic variation of ventilation air pressure, temperature and
velocity covering a range of realistic conditions simulating aircraft
operation under various ram air and altitude conditions.

3. use of the five flammable fluids of most interest in aircraft
applications injected as sprays or streams and determination of their
relative flammability under identical test conditions.

4. ignitions of 83282 at temperatures below its AIT per ASTM D 2155.

The results of this program together with other pertinent hot surface ignition
studies, including additional testing as necessary, should be reviewed with the
objective of developing an universally accepted criteria for establishing safe
operating temperatures for a wide range of aircraft applications.
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SUMMARY

The mechanisms of ignition, stabilisation and propagation of aviation turbine
fuel fires are examined and discussed in the context of aircraft accidents. This
appraisal suggests that the crucial role of a suitably sized aerodynamic stability zone
in the stabilisation of fuel spray fires has not been adequately recognised in the past.
It also suggests that the importance of hot surfaces as sources of fuel preparation and
ignition has, similarly, been neqlected. From considerations of the buoyancy and
radiative characteristics of even moderately sized pool fires it is concluded that great
care is required in the interpretation of results from smaller experimental fires.

1. INTRODUCTION

Fire is the major cause of fatalities in otherwise survivable aircraft accidents.
Because of this an understanding of the causes and spread of fire is of considerable
importance. Most research into the nature of combustion has been conducted using
laboratory scale experiments and it is necessary to examine to what extent such data are
valid when applied to aircraft fires.

The areas of primary concern in predicting fire behaviour are fuel preparation,
ignition, flame propagation and stabilisation. These are, of course, strongly inter-
related and the boundaries between them can be quite blurred.

The fuel preparation process involves the evaporation or ator.sation of the fuel
in order to generate either an air-vapour mixture having a fuel/aix ratio within the
flammable range or sufficiently small droplets that they can be ignited by the ignition
source.

There are only two essential requirements for ignition. The first is that the
energy which is applied to the system must be sufficient to generate a temperature at
which exothermic chemical reactions begin. The second is that the heat generated by
these reactions after the initial ignition energy has dissipated must exceed the heat
losses from the system.

The velocity at which a flame can propagate into a turbulent stream of kerosine
vapour or droplets in air at standard temperature and pressure is only about 1 metre/sec.
If the flow velocity over an ignition source is less than this then the flame will
propagate upstream into the approaching mixture until either the fuel/air source is
reached or until the velocity or fue± preparation or some other factor becomes
unfavourable. If the flow velocity exceeds the burning velocity then the flame will be
swept downstream and ultimately extinguished.

For the flame to become stabilised ie. fixed in space relative to some structure
such as the ground or a moving aircraft, there must be a continuous supply of prepared
fuel and an ignition source at the origin of the flame. The ignition source could be a
continuation of the original ignition process - such as a prolonged electrical discharge,
but it is more likely to be feedback from the flame itself by the physical recirculation
of hot combustion products in the wake behind a bluff body.

Each of these stages of the combustion process, as they apply to aircraft fires,
will be discussed in this paper. As will be shown, behaviour in practical circumstances
may be quite different to that observed under laboratory conditions and may otten cause
a serious underestimate of the threat.

2. FUEL PREPARATION

Fuel can be prepared for ignition in only two principal ways. It may be
vaporised, either by contact with a hot surface or hot gas or by an input of thermal
radiation. Alternatively it may be atomised, either by a high velocity airstream or by
being projected at high velocity into a slower moving airstream.
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The droplet sizes produced by substantial fuel leaks from moving aircraft can be
estimated using relationships devised to predict the atomisation of liquid fuel in high
velocity airstreams. In practice it is much more likely that the bulk of the fuel would
be spilled from a relatively fast moving aircraft into stationary air. In this case the
atomisation takes place when the relative velocities of fuel and air are high and
atomisation ceases when the fuel has been brought to rest by drag. In contrast both in
the predictive equations and in most simulations, the injection of fuel into a fast
moving airstream creates additional atomisation as a result of turbulence within the air
jets and the mixing of the air jet itself with the stationary environment. In the
aircraft situation much higher local fuel concentrations will occur and larger droplet
sizes will be produced than those produced in simulation or predicted from airspray
atomiser theory.

Assuming that the aircraft is moving at 80 m/s, atomisation theory predicts that
a Sauter mean droplet diameter (SMD) of about 60 microns would be produced. When the
aircraft speed drops to 20 m/s this would increase to about 180 microns. Since the
terminal velocities of these sprays are 0.1 m/s and 1.0 m/s respectively it is clear
that sedimentation losses will produce large differences in flammable lifetimes'. As
will be discussed in the next section, although combustion of the larger droplets would
not often present a problem, ignition by any means becomes increasingly difficult. As
the aircraft velocity decreases, two particularly threatening modes of fuel preparation
become important. One is the possibility of disruption of the high pressure fuel system
on an engine, together with severe mechanical damage to the engine itself. Although the
quantity of fuel which may be liberated may be relatively small it is likely to be well
atomised, either because of its own high pressure source or because of association with
high energy air from a disrupted engine. The proximity of this fuel to a variety of
ignition sources presents a severe threat. The second possibility is that large
quantities of vaporised fuel can be produced from hot surfaces such as engines and
aircraft brakes.

3. IGNITION SOURCES

Soarks

Rao and Lefebvre (Ref 1) have investigated the spark ignition characteristics of
flowing kerobine spray/air mixtures. Their data are shown in Fig.1. Because their
primary interest was in combustion systems their data do not extend either to
sufficiently high air velocities or droplet sizes for present purposes. Nevertheless
for the coarsest spray which they used (85 microns SMD) and for the highest velocity
(49.5 m/s), values which approximately represent a fast moving aircraft, the range of
fuel/air ratios over which ignition is possible is clearly very narrow. Similarly the
ignition range even for the lowest velocity (19 m/s) and the 85 microns SMD fuel spray
is again very narrow, Fig.2. It is considered, therefore, that the risk of ignition
from sparks, is low under either of these circumstances.

Ignition of vapour clouds or well atomised fuel by means of sparks in the
vicinity of stationary aircraft poses a substantial threat both because the spark
energy required may only be a few milli-Joules and because a large but localised mass of
airborne fuel may be available.

Hot air

The spontaneous ignition of fuel in hot air streams has been explored in detail
by several workers because of its importance to air breathing engine technology.
References 2,3,4,5 are typical of this work.

Figure 3 which is taken from the work of Spadaccini and TeVelde, (Ref 4), shows
collected data from a number of sources. One of the principal features of this mode of
ignition is the characteristic ignition delay time which varies widely as a function of
air temperature (and pressure). Sources of high velocity, hot air, such as the engine
exhaust or air escaping from a disrupted engine pressure casing, have a considerable
potential for atomising and vaporising fuel and raising the mixture to a temperature
where it will spontaneously ignite. For example the injaction of stoichiometric
quantities of fuel into stationary air at 880K would produce a fuel/air mixture at
about 810K in which the ignition delay time would be 100 milli-secs. However for a
sonic velocity jet, which would be typical of engine exhausts or damaged engine
pressure casings, the ignition would occur about 60 metres downstream of the point of
fuel injection. Even at this point ignition is by no means certain because the jet
would be heavily diluted and cooled by entrainment of ambient air. As with spark ignited
combustion the greatest threat is brought about if the air jet/fuel mixture is slowed
down so that when the ignition delay time has been reached the ignition still occurs
close to the aircraft.

Hot surfaces

The minimum spontaneous ignition temperatures of most fuels are determined by
injecting small quantities of fuel into a hot crucible. Importantly, there is a time
lag of several tens of seconds between injection and ignition at this minimum
temperature. This ignition lag is only rarely described and coverage of this subject is
not extensive. Data from Ref.6 for gasoline is shown in Fig.4. Since it is clear that
any fuel introduced into the crucible will quickly evaporate it would seem likely that
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this test should produce very much the same ignition delay characteristic as the
experiment where fuel is injected into hot air. The crucible test does however allow
the estimate of very long ignition lags which would not be possible in a flowing gas
stream. With this in mind the data from Fig.3 has also been plotted on Fig.4. Although
the range of air temperatures in the two experiments do not quite overlap it seems
reasonable to assume, as a working hypothesis, that the ignition characteristics of hot
surfaces and hot gaoes are identical for practical purposes.

It seems difficult to understate the threat posed by hot surfaces as ignition
sources. Engines and aircraft brakes, for example, provide considerable masses of hot
material which are likely to come into contact with fuel during an accident. Turbine
disks can be expected both to vaporise and ignite fuel up to half an hour after the
engine has stopped running. It is significant to note that only 10 kg of nickel alloy
(or graphite) at 600CC will vaporise and ignite about 5 kg of fuel. The consequences of
a fireball containing this much fuel will be discussed in Section 6.

The principal threat from hot surface ignition comes about when the aircraft is
slow moving or stationary so that flame stabilisation is unnecessary, and when large
masses of flammable vapour can accumulate. Several, well documented examples of fires
started by hot surfaces are available. The fire that occurred in the Controlled Impact
Demonstration, which was organised in 1984 under the auspices of the United States
Department of Transport and NASA, in which antimisting fuel was evaluated, was started
by a hot surface/hot gas ignition on a massively disrupted engine. A fire in an engine
test cell which was analysed by the author was similarly started by a hot, broken drive
shaft. The fire in the British Airtours accident at Manchester.in 1985 was started by
fuel from a holed fuel tank coming into contact with a badly disrupted engine.

Flames

Flames themselves tend to be very effective sources of ignition for several
reasons. In the first place even small flames present orders of magnitude more energy
than the minimum required for ignition under ideal circumstancec. For example even a
modest 250mm high flame on a 25mm wide wick produces about 750 watts. In the second
place the flame is a ready source of active chemical speciec, such as radicals, which
are essential to the chain branching reactions of the combustion process. Clearly
however, criteria such as low velocity and low turbulence level have to be met both for
the pilot flame itself to survive and for the ignition to succeed.

Radiation

The potential for moderate and large fires, particularly pool fires, to start
secondary fires, at a distance, by radiative heat transfer alone deserves serious
attention. For example an eye witness at Lockerbie reported seeing splashes of fuel
falling from the sky onto house roofs some distance from the main fire and catching fire
there. Hardee et al, (Ref 7), summarise much of what is known about radiation from LPG
fires and about the growth and lifetime of fireballs. These data confirm the
seriousness of radiative heat transfer as an ignition mechanism. For example, Fig.6,
shows estimates of the radiative output from a range of diameters of pool fire. The
scale of the fire profoundly affects its flame temperature, emissivity and for geometric
reasons its optical properties. For a target surface far from the fire, the fire
appears to be a small optical source and the radiation received at the surface varies as
the inverse square of the distance from the fire. As the distance from the target
surface to the fire decreases the view is increasingly of an extended area many times
larger than the target. In the limit the radiant energy received is the same as that
leaving the flame.

Exploratory experiments and calculations illustrate the ease with which roofing
slates and cement mortar can be heated by radiant heat transfer to temperatures suitable
for the ignition of fuel or other organic debris. By way of example, a radiation flux
of 120 kW/m2 would raise the surface temperature of both slate and cement to more than
7000 C in just less than a minute (see Fig.5). According to Hardee a radiation load of
about 110 kJ/m2 (over only a few seconds) will start grass/paper/fabric fires and
produces third degree burns.

The heating of pools of kerosine on concrete surfaces by thermal radiation appears
to be approximately 90% efficient. This is because while the concrete intercepts most
of radiation not absorbed by the fuel the concrete is a poor conductor of heat and the
incident energy almost entirely ends up in the fuel. As an example, a 7mm deep pool of
kerosine would be heated to its boiling point in about 15 seconds by a radiative flux of
130 kW/m. The generation of hot fuel and fuel vapour and local surface temperatures
sufficient to produce ignition is therefore a substantial threat wnich is strongly
influenced by the scale of the fire.

Ingestion in engines

An engine can normally be expected to be tolerant to ingested fuel in modest
quantities, comparable to the engine fuelling rate, provided that the fuel flow into the
engine increases slowly. Most engine fuel control systems would respond to the increased
fuelling rate by turning down the engine fuel to compensate. In the cases of heavy
overfuelling by ingestion or step changes in fuelling an engine surge will normally be
provoked. During a heavy surge large fireballs may appear both in the engine exhaust and
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out of the engine intake. These fireballs may act as ignition sources to produce a much
larger fire around the engine. The probability of ignition under these circumstances is
very high, and is a particular threat with rear mounted enqines where there is a greater
likelihood of spilled fuel being ingested.

4. PROPAGATION

It has been noted that the velocity at which combustion can propagate into a flow
of fuel and air at normal temperature and pressure is only about 1 m/s. However it does
not follow that combustion will cease if the velocity exceeds this value. Particularly
in a turbulent jet flow the ignition source may, intermittently, ignite part of the
mixture and flame can propagate across the flow to produce a series of fireballs. These
fireballs will be convected away, downstream from the ignition source as they grow. If
the turbulence level in the jet is very high or the scale of the experiment is small and
the size to which the fireballs can grow is limited the fireballs will become diluted
and dissipated and finally become extinguished. This mechanism was used by
References 8 and 9 as a test of the effectiveness of anti-misting fuels. In these
experiments a small wing or other obstacle was mounted in the efflux of a small high
velocity air jet. Fuel could be injected into this airflow through a simulated leak in
the wing and a propane torch flame was located close to the wing as an ignition source.
Success or failure of the test fuel was judged by the readiness of the fuel to ignite
and stabilise on the obstacle or by the rate of growth of fireballs convecting downstream.

It is important to recognise the differences between what was observed in these
experiments and what would happen in the case of an aircraft crash. In the first place,
in the experiment, the jet velocity continually decreases through momentum exchange with
the surrounding atmosphere and the contents of the jet are progressively mixed and
dispersed into the environment. If the vejocity or turbulence in the jet is high enough
even a stabilised flame cannot survive and the flame kernels produced at the ignition
source progressively reduce in size and are finally extinguished. In contrast, in a
crash situation the aircraft is moving through a more or less quiescent environment. In
this case airborne concentrations of fuel droplets or fireballs rapidly come to rest in
an environment which is only turbulent by virtue of the aircraft wake. Hence mixing and
dilution are relatively slow and the extinction of a fireball is very improbable. The
time which a fuel droplet cloud can stay in contact with a stationary ignition source is
therefore high and the radiative heat transfer from a fireball to a particular area will
also be high. In addition because of the larger scale the extent of the heat losses
from the fireballs is much reduced. The probability of continuing combustion is,
therefore, significantly higher.

The burning velocity even of stoichiometric mixtures is strongly sensitive to
temperature. Estimates of sensitivity have been made which vary from about T"s to T2 .
This feature of burning velocity is of considerable importance in situations where there
is appreciable preheating of the reactants either by recirculation, or from the flame
originating on a hot surface, or through radiative heating.

Significantly, radiation from full sized fires can also produce more fuel
evaporation than is needed to sustain the fire and thus contributes substantially to its
stabilisation and propagation. In the case of the pool fire, radiation is, of course,
the main contributor both to the stability and to the spread. In this case the fire
propagates across the pool because flame speed is higher than the buoyant convective
velocity of the fire column down near the surface of the pool. As an example, while a
160mm wide pool fire, (Ref 8), spread at between 20 and 35mm/s, it could be anticipated
that a fully developed fire 3 or more metres diameter would spread at up to 3 m/s.

The thermal radiation emitted by pool fires is very often poorly modelled in
small scale experiments and its contribution to the stability of recirculation stabilised
flames is usually ignored.

5. STABILISATION

As noted in the introduction, even if ignition is achieved the resulting fireball
would be left behind in the wake of the aircraft at all but the lowest speeds unless the
flame became stabilised in the slow moving wake behind an aerodynamic obstruction.

The aerodynamic attachment of the fire to the aircraft structure represents one of
the most efficient ways in which any ignition event can proceed to produce a stabilised
fire. It is therefore a very serious threat. Firstly it allows a well developed fire to
follow a moving aircraft. Secondly it allows well aerated, turbulent fires, which
generate intense convective and radiative heat transfer, to attach to the aircraft
structure.

An aerodynamic flame stabiliser consists of no more than an obstruction of some
sort placed in an airflow so that the airflow is diverted around it leaving a slow moving,
recirculating wake behind the obstacle. If the residence time of fuel and air in the
recirculation is more than a few tens of milliseconds, combustion reactions can proceed
to completion, filling the wake with flame temperature combustion products which then act
as a massive flame ignition source for fuel and air passing by the stabiliser.

It can be shown that only about 4% of the airflow which is deflected around an
obstacle finds its way into the recirculation zone. Because the recirculation zone is
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well stirred, freshly entering material is thoroughly mixed with the existing contents
at all times and the dilution of original contents of fresh material follows an
exponential relationship. Figure 6 shows a typical concentration decay characteristic
measured behind a stabiliser which shows the expected exponential form. The cyclic
fluctuations superimposed on the characteristic are a result of eddies being shed from
the stabiliser at the characteristic Strouhal frequency; these eddies are the principal
method by which fluid is introduced into and removed from the recirculation. It is clear
from this characteristic that the long residence time withir the recirculation offers
both the combustion reaction time which is needed and provides a iuffcr with which the
system can even survive short term interruptions to the fuel supply. Since about 4% of
the fuel/air mixture which was deflected around the obstacle finds its way into the
recirculation it follows that an equal mass of gas at flame temperature must leave the
recirculation. Behind even a modest stabiliser this outflow at flame temperature
represents a massive ignition energy source. Just as importantly the entire fire may
be stabilised behind a large stabiliser such as a fuselage.

The obstacle does not even have to be a solid one; for example a sheet of air
deflected off a surface or a jet from a thrust reverser which penetrates into the air-
stream could act as an efficient stabiliser, (Ref 10). In practice solid surfaces such
as flaps, spoilers, engine mountings, undercarriage, thrust reverser buckets and in the
extreme the entire aircraft fuselage are all capable of acting as highly effective
stabilisers.

Because flame stabilisers are essential to the operation of gas turbine
combustors, reheat systems and furnaces etc the characteristics of their performance are
well known. As with ignition the basic requirement is that the rate of heat release in
the recirculation zone must at least equal the rate of heat loss. The objective of most
correlations is to relate the ability of a particular stabiliser geometry to maintain
combustion, to various conditions such as fuel/air ratio, stabiliser size, pressure,
temperature and, of course, flow velocity. Generally the data are correlated in terms
of a stability parameter 'S' and the overall fuel/air ratio. Figure 7 shows a typical
stability loop.

Here the stability parameter S = V x 1000/D'8 5 x P"$ x T1.2 where
P = atmospheric pressure, T = temperature of the air/fuel flow approaching the flame
holder, D = flameholder hydraulic width and V = the flow velocity approaching the flame-
holder.

It can be seen, for example, that the stability parameter for a modest 1 metre
wide flameholder in a 50 m/s airstream indicates that it will have stable flame holding
capacity over nearly the entire flammable range of fuel/air ratio. The illustration
also shows the reduction in stability which occurs with a 25mm flameholder and the effect
of a small increase in reactant temperature.

An additional factor which should be noted in small scale experiments (and
fires) is that larger droplets, which have too much inertia to follow the strongly
curved streamlines behind a small stabiliser are unable to enter the recirculation.
The fuel/air ratio in the recirculation zone will therefore be significantly less than
that in the fuel/air mixture approaching the stabiliser and the stability will therefore
be limited at the weak boundary because of a shortage of fuel. It is believed that this
underestimate of stability, as a result of small scale work, may be substantial.

It should be noted that the stability parameter takes no account of the need to
evaporate fuel. If the stabiliser dimensions are greater than about 1 metre, the time
which even a very large droplet spends within the burning zone will ensure its
evaporation and combustion. In contrast, in a small scale stabilised combustion
experiment (which is typical of the experiments used to define stability limits) there
may well be insufficient time for evaporation to be achieved. This leads to lower
heat release and a low estimate of the possible stability range. Figure 8 shows
theoretical estimates of the evaporation and combustion histories of droplets failing
freely in a flame temperature environment. Only convective heat transfer to the
droplets has been considered and it has been assumed that there is no buoyant rising
airflow in the fire. The figure shows that even a 500 micron droplet will be burned
within one second during which time it will fall only 0.6 metres. Hence in spite of
these conservative assumptions, the model demonstrates that a larger scale fire will be
capable of vaporising and burning even very poorly prepared fuel and will therefore be
self sustaining. Figure 8 also shows, in contrast, that if the same droplets were to
fall through a 0.2 metre deep fire, (in about 120 ms), only about 10% of the droplet mass
would be evaporated and the fire would not be self sustaining.

6. PRACTICAL EXAMPLES

a. A fire in an atmospheric pressure engine test facility

This incident began when an engine HP fuel pump drive shaft fractured. For a
short time the shaft continued to rotate due to friction between the broken ends and
these quickly became heated to a temperature in excess of 450*C. When the ends of the
shaft became disengaged one of them struck a high pressure fuel pipe causing a small hole.
The high pressure kerosine jet which escaped produced a cloud of fuel droplets which were
ignited by the hot shafting. An analysis of the damage to engine fittings, based on the
data of Reference 7 but using increased flame emissivities appropriate to kerosine flames,
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suggested that the initial fireball which resulted was about 3.75 metres radius and
contained about 1.7 kg of fuel. This estimate could be confirmed because the fireball
lifted off and pooled under the ceiling of the test hall where damage to more fittings
allowed both temperature and hot gas volume to be estimated as an independent check. At
about this time automatic fire fighting equipment operated to extinguish the fire and
preserve the evidence of the first few seconds of the fire's development. The predicted
lifetime of the fireball in contact with the engine was only about 2.7 seconds. It was
found that light alloy fittings had been heated to their melting points (650 0C) during
this time as expected from theory. Although it was not a feature of the incident it can
be calculated that 2mm deep pools of fuel on concrete surfaces would have been heated to
boiling point and would almost certainly have caught fire.

This example serves to demonstrate that the data of Reference 7 can be used,
with slight modifications, to predict verified observations in a kerosine fire incident.
It also illustrates the scale of the fire resulting from the combustion of less than
2 kg of fuel. Had the test hall design allowed pooled fuel to accumulate the initial
fireball would almost certainly have been followed by a pool fire.

Second Example

b. The Controlled Impact Demonstration fire

In 1984 a Controlled Impact Demonstration of a Boeing 720 aircraft took place at
Edwards Airforce Base, California. The heavily instrumented, remotely controlled air-
craft loaded with anti-misting fuel was landed 'wheels-up' in a controlled fashion to
simulate a 'survivable' accident. During the slide out after touchdown the aircraft ran
through an array of robust cutters designed to open up the cargo bay and the wing fuel
tanks. In the event the aircraft touched down with the port wing low and slid through
the obstacles to a final halt slewed at about 45 degrees to the direction of travel.
Even before encountering the cutters the engines on the port wing had been ripped off
and it is likely that there would have been considerable fuel release in the wake behind
the aircraft cabin. Dust raised in the slide out demonstrated that the entire fuselage
and vertical stabiliser were acting as a very large stabilisation zone. The fire was
started when a cutter intersected the inner starboard engine in the vicinity of the com-
bustion section and tore the engine in half. The ignition of on-board engine fuel was
due to a mixture of hot surface, hot gas and probably flame sources. The very high
initial rate of growth of the fireball which followed was largely due to the explosive
rupture of the engine. Measurements of the fireball diameter suggest that about 4.5 kg
of fuel was involved in this initial stage. As was discussed earlier the scale of this
fireball was quite sufficient to vaporise and burn even poorly prepared, anti-misting
fuel pouring from the breached wing tanks. Within I second expansion due to combustion
had increased the size of this fire, on the starboard (upwind) side of the fuselaae, to
about 14 metres 'diameter' and the fire had been swept over the cabin roof into the
recirculation zone in the fuselage wake. Within one more second a massive fire had
become established in the recirculation zones behind both the fuselage and the vertical
stabiliser. Eventually the slide-out ended with the starboard wing thrown ahead of the
fuselage placing the entkestructure within a huge pool fire. This fire was extinguished
promptly and it was found that damage to the fuselage structure was 'surprisingly slight'.
One suggested explanation at the time was that the fuselage had been covered with fuel
spray and had, in effect, been fuel cooled. This is thought to be unlikely on two
grounds. The first is that there would not have been a continuing supply of fuel spray
after the aircraft came to rest; the second is that this could not have cooled the
structure for more than a few seconds in the face of the expected radiation load. A more
likely explanation is thought to be found in a phenomenon known as radiation blocking.
Most of the combustion in a pool fire occurs within two to three metres of the periphery
of the fire where there is an adequate supply of oxygen. If the fire is very large this
leaves a central core region where very little combustion takes place. The interface
between this region and the flame is however a zone of intense soot formation; and it is
the soot which acts as an absorption barrier to radiation from the outer burning zone.
In this particular fire great attention had been paid to spilling very large quantities
of fuel and, as has been described the aircraft structure was totally enveloped in a huge
fire within a very few seconds.

This example, again, serves to demonstrate the importance of scale. The few
kilograms of prepared fuel in the initial fireball which was ignited on the hot engine
is modest by aircraft standards. It is however a massive ignition source by laboratory
stanoards. It is the scale of the fireball which enabled it to vaporise and ignite the
poorly prepared anti-misting fuel from the wing tanks, and to be convected over the
fuselage to ignite the fuel in the aircraft wake.

7. CONCLUSIONS

This paper has surveyed possible mechanisms of fuel preparation, ignition and
subsequent flame stabilisation and propagation that could occur in an aircraft
accident. The features that are likely to contribute the greatest risk to a major fire
are identified as follows:-

i. The potential for hot surfaces, such as engine components and
aircraft brakes to vaporise and ignite large quantities of
fuel is very high. If even modest quantities of fuel are
ignited the capacity of the resulting primary fire to cause a
subsequent, major fire is very great.
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ii. Aerodynamic stabilisation of a fire in the wake behind parts
of the aircraft structure or in jets of high velocity air
presents the greatest threat to a moving aircraft. The
capacity of these zones to stabilise combustion is very
heavily dependent on their scale - the larger the structure,
the more stable thc fire becomes.

iii. Radiation from a primary fire, such as a pool fire, has the
capacity to enhance flame stability and btrning velocity.
It also has the ability to vaporise and ignite fuel at a
distance. The scale of the primary fire has a profound
influence on the radiation flux emitted - the larger the
fire the higher the radiative output.

Over the years, extensive research has been carried out into the mechanics and
chemistry of combustion; much of it at laboratory scale. It has been demonstrated that
the effects of scale are profoundly important to the extent and severity of aircraft
fuel fires. There are therefore good reasons to treat the validity of many existing
data, which are the result of small scale tests, with great caution. There are also
good reasons to challenge the designs of new experiments and the results from them with
the question "Have the effects of scale been considered?"
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DISCUSSION

D.!!. HENNECKE
Your last slides showed that the anti-misting fuel did

not prevent the fire when the aircraft crashed.
What is your opinion on the merit of the anti-misting fuels?

AUTHOR'S REPLY:
I will answer the question living aside the considerable

problems which would have been presented in putting anti-misting
fuels into routine operation. There is no doubt that anti-misting
fuels would be capable of preventing the ignition of fuel/air
sprays by some forms of ignition source such as sparks or small
flames. Equally, the ignition of fuel air mixtures generated
from hot gasses or surfaces would not be affected by anti-misting
fuels. Now, would the probability of a full scale fire be
reduced, as the CIT showed, if the scale of the initial fireball
is sufficient. In this case, the mass of degraded fuel in the
initial fireball was very modest. As with other safety measures,
any value in anti-misting fuel should be assessed move on
rigorous value for money basis.

C. MOSES
Based on the data from the various crashes and resulting

fuel fires, which do you consider to be the major combustion
problem: flame propagation through a fuel mist or pool burning?

AUTHOR'S REPLY:
I do not believe that it is possible to separate the two

in any useful way. As could be seen in the Centralled Impact
Test and in the Ramstein disaster, the ignition of very modest
quantities of fuel/air mist or vapor which produces a sizeable
fireball, in turn, starts a large pool fire. It is the fuel
air suspcasion which allows ignition and stabilisation of fire
so that it can follow a moving aircraft but it is the pool fire
which produces the burn time required to destroy aircraft.

-4
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ONBOARD FIRE- AND EXPLOSION SUPPRESSION
FOR FIGHTER AIRCRAFT

by
J. Wdrdehoff

Messerschmitt-Blkow-Blohm GmbH
Postfach 801160, 8000 Munich 80

Germany

SUMMARY

This paper describes the threats to which modern fighter air-
craft can be exposed and the state of the art hardware for
active and passive fire and explosion suppression systems on
the market to combat these threats. A summary of forecasted
development will be given especially in the field of fire de-
tection systems.
An example is given to indicate the progress which has been
achieved in weight reduction and system improvement over the
last 10 years. A fire and explosion suppression system layout
will be given for a modern fighter aircraft including its pe-
nalty on mass and fuel denial.

INTRODUCTION

Basic investigations on both sides of the Atlantic Ocean regarding the protection of figh-
ter aircraft against fire and explosion have been published in various AGARD-reports over
approximately the last fifteen years (ref. 1 to 7).
Their results can be summarized as follows:
- The fuels used on these aircraft will always encounter the physical conditions to build

up an explosive fuel/air mixture throughout the whole flight envelope, see Fig. 1.
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Fig.1 AVTAG/JP-4 and AVTUR/JP-8 Limits for AVTUR/JP-8
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- The threat against aircraft fuel systems resulting from a hit by gunfire or warhead
projectiles account for more than 50% of the aircraft losses, as shown below:

Contributing to
Aircraft losses by

Fuel System 40 - 70 %
Cockpit 15 - 30 %
Engines 30 - 15 %
Controls 10 - 15 %
Avionic, Electric 5 - 10 %
Structure 3 - 7 %

- There are a number of known procedures and systems on the market or under development to
successfully protect fuel tanks and dry bays of fighter aircraft against fire and
explosion.

- The aircraft vulnerability can be greatly reduced without large penalties if some basic
rules are followed right from the beginning of the definition and development phase.
But - if the risk of a projectile hit is part of the vulnerability considerations - it
is not sufficient to rely only on design improvements or system precautions without any
effective measures against fire and explosion. The same applies the other way round.

A HIT AND ITS CONSEQUENCES

The layout of a typical combat aircraft with its fuel system, tankage and adjacent dry
bays indicates clearly that there are only few areas which may not be exposed to fire or
explosion (Fig. 2). Leaking flammable fluids (fuel, hydraulics etc.) after a hit or sy-
stem failure are able to reach nearly every area, at least in the centre fuselage or wings
(if wet). Even if a projectile penetration does not lead directly to a fire (primary fire)
there are sufficient ignition sources such as electrical components or hot air pipes which
may cause a secondary fire.

FUEL SYSTEM(S)

DRY BAYS

Fig. 2

The main threats against combat aircraft can be listed as follows:

- Projectiles furm small arms, size < 20 am, mostly Armor-Piercing Incendiary (AP-I).
- Anti-aircraft machine guns, size > 20 mm , mostly High-Explosive Incendiary (HE-I),

with or without tracer (T).
- Warhead fragments from guided or unguided weapons, either air-to-air or ground-to-air

missiles.
- Guided energy beams such as laser etc.

For the design of an onboard fire and explosion suppression system HEI-T projectiles can
be taken as the most serious threat, proven by many firing trials, see Fig. 3 (8). Warhead
fragments may have very similar effects on aircraft fuel syvtems as their fragment mass,
velocity and distribution are similar, but structural damage may be larger.

Fuel Loss
95-100% Fuel

Fire Loss Fire
0-5% 10% 90%

Fuel System hit Fuel System hit

by AP-ammunition by HEI-ammunition

Fig. 3
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Fig. 4 shows a typical sequence of a HEI-projectile hit into a dry bay with adjacent fuel
tank. It can be clearly seen that this hit creates four serious risks for the aircraft -
in addition to the structural damage from the hit:

- Fire in the dry bay when the fragment impact fuel spray ignites at the impact flash.
A'fterwards this fire will be supported by the leaking tank fuel.

- Fire or explosion in the tank ullage when the fuel/air mixture above the fluid level is
ignited by the hot projectile fragments.

- Explosion blast and the hydraulic shock wave in the fuel tanks can easily reach values
that lead to serious structural damage.

- Catastrophic fuel loss or other system failures.

FUELCELL
DRY BAY 44 SAL

INCENDIARY CLOUD . WING SKIN

AIR FLOW BLAST ULA -

TIME DELAY fly.
j, FUEL

IMPACT FLASH

FUEt! HE Blast and
SPRAY Fragmentation

Rupture Fuel Call

INCENDIARY (Hot metal particles) IGNITE

FUEL MIST-*- Rapidly developing FIRE ,lft ms

Fig. 4 HEI-projectile hits a dry bay

Every single risk can lead to an aircraft loss if there are no means on board to deal with
them. Serious fuel loss and total system failures can be overcome by careful system design
and redundancy. Fire and explosion can be prevented and hydraulic shocks reduced to an
acceptable value by modern suppression techniques as Fig. 5 shows.

100 ms 100 ms

Unsuppressed Petrol Explosion Suppressed Petrol Explosion

Fig. 5 Ignition of 150 cc petroleum in a closed container

FIRE AND EXPLOSION SUPPRESSION HARDWARE

For more than 40 years special equipment has been used on board civil and military air-
craft to detect and indicate engine overheating and eventually to suppress fires. With the
experience of the limited conflicts in the Far and Middle East in the mid sixties - sore
than 50% of the combat aircraft losses were caused by fuel and/or hydraulic fluid fires -

a great effort was made in the USA and UK to develop new automatic systems to suppress
quick developing hydrocarbon fuel fires. A summary of those active and passive suppression
methods was published in AGARD-report ref. 4.
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Active suppression systems developed by the relevant companies use the short time interval
between the impact or impact flash and the build-up of the explosion/fire for detection
and suppression. The whole system must react within the few milliseconds before the fire
and/or explosion shock wave are able to damage/destroy the aircraft. The typical period of
time available for detection and suppression is in the order of 10 to 120 milliseconds
(ms), dependent on
- volume and geometrical shape of the bay to be protected;
- type of threat;
- type and temperature of the flammable fluids on board and
- strength of the aircraft structure.

Some suppliers of suppression equipment use computer programmes to determine the available

time, the suppressant quantity and distribution when the above parameters are given.

Active fire and explosion suppression systems consist basically of the following
components:

- Fire Detector or Sensor
- Control Unit and
- Fire Suppression Equipment

Only optical- or pressure sensors are fast enough to detect a fire/explosion in its initi-
al stage, i.e. within a time period of less than 10 ms.

OPTICAL SENSORS are designed to give a signal when they detect the typical spectrum lines
of a hydrocarbon-fire radiation. The sensors on the market work either in the ultraviolet
(UV-sensors) or infrared (IR-sensors) range of the radiation spectrum, see Fig. 6. Combi-
nations of both are possible to integrate the advantages of either system into one unit.

UV-sensor
working area
, / blue red ir~ra-redRelative 1010

Radiation
Intensity 109 Solar radiation

107L106 visible range P

105 Kerosene flame
104 radiation

102

10

200 300 400 40 60 70 800 900
Wavelength

Fig. 6 Radiation Spectrum of the Sunlight and of a Hydrocarbon Fuel Fire

Special features are incorporated in the sensors to prevent false alarms in the selected
radiation range (lightning, sunlight, welding arc, heaters etc.). The sensitivity of UV-
sensors against heavy smoke is not seen to be a severe disadvantage when used on fighter
aircraft as the fire must be detected right from the inception as previously stated.

The IR-technique allows the development of very fast sensors; their reaction time is in
the order of 3 ms. IR-units normally use two sensors (channels) to identify a fire; each
channel works in a typical band of the fire IR-radiation spectrum, see Fig. 7.

WAVELENGTH (MICRONEP

Fig. 7 Radiation Spectrum for a Fuel Fire and IR-Sensor Signal Processing

i7
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Optical sensors have proven their reliability in different industrial and military
applications:
- protection of the CONCORDE supersonic transport tank vent system against lightning;
- control of the TORNADO fighter aircraft reheat system;
- protection of large marine turbine or diesel engine rooms;
- protection of petro-chemical installations, aircraft hangars and computer rooms;
- protection of fighting vehicles etc.

For the use in fire and explosion suppression systems for fighter aircraft these sensors
have to be optimized (mass) and tailored for their special installation and environmental
conditions.

PRESSURE SENSORS consist basically of a diaphragm which closes an electrical circuit to
trigger the suppression system when a given pressure rise has been seen. Their reaction
time is very short. Pressure sensors are designed as a pure mechanical device or use the
piezo-electric principle. Later developments include pressure sensing cables (PVFD-cables)
which show a promising weight reduction. In the industrial field pressure sensors can be
used to detect dust explosions etc. On aircraft they can be inialled in fuel tanks to
sense the shock-wave of a fragment penetration and to trigger the suppression system in the
adjacent bays - but not every hit must necessarily cause a fire.

CONTROL UNITS are the functional link between detector and suppression system. Their main
tasks are:
- tc process the signals generated by the sensors;
- to check the function of the whole system and
- to arrange the compatibility with the aircraft electrical power system.
Control units can be tailored to the individual system requirements. The only limitation
to be observed is the allowable temperature range for the electronic equipment.

FIRE SUPPRESSION EQUIPMENT is designed to distribute a sufficient amount of extinguishant
in a short time at the right place. Aircraft design targets - minimum mass and volume,
minimum number of pressurized vessels on board, little or no aggression and toxicity of
the fire suppressant medium - require a very careful design approach for this subsystem.
The type of extinguishant to be used depends on national regulations. Widely tested and
used are halons in their different forms and powder suppressants. Both extinguish fires by
a chemical reaction, i.e. very fast and very effective. Best known gases for these purpo-
ses are Melon 1211 (CClBrF2 ) and Halon 1301 (CBrF3). They are normally carried as a fluid
in pressurized bottles (nitrogen, helium) of different forms and sizes and vaporize after
release. The concentration required to extinguish a hydrocarbon fire is in the order of 5
to 9% volume. A higher concentration level may be taken into account to cater for unknown
factors such as airflow in a protected bay after a hit or multiple hits, for example. Ha-
lons extinguish a fire without leaving residuals and they do not have any negative effect
on the materials used in aircraft design. A small limitation has to be made: tests have
shown that a release of Malon 1301 directly onto the surface of a self-sealing bag tank
together with a simultaneous impact load. acc. MIL-T-6396 (§4.6.18) may cause little
cracks in the upper layers of the tank material (without leakage).

A number of fire suppression powders on the basis of sodium, potassium and ammonium are on
the market. Some of them are very effective for example potassiumchloride. Due to their
consistency the dispersion of powder in a given time is more effective than that of a gas.
But some disadvantages have to be taken into account when powders are used for fire sup-
pressive purposes:
- Powders are chemically stable only over a certain temperature range and need to be

maintained when installed on aircraft.
- Powders leave residuals when used. These residuals are soluble in water and may cause

corrosion to the aircraft structure when not removed entirely.
- The tensile strength of self-sealing bag tank material may be influenced by powder con-

tact. Endurance tests have shown a reduction of more than 50% after 4 weeks of contact.
-The bag tank material may be damaged by abrasion if the powder is not carefully removed

from the tank bay structure after release. During tests a leak was produced after a
period equivalent to 160 flying hours.

Pressurized or unpressurized containers are used to store the extinguishant (fluids or
powder) onboard the aircraft. Pressurized containers are normally designed as a cylinder
or ball and are made from steel, aluminium or fibre reinforced materials. A large bore
valve driven by a solenoid or a diaphragm opened by a pyrotechnical device releases the
extinguishant superpressurized by nitrogen and/or helium.
A special development of this type of container is the Linear Fire Extinguisher (LFE), a
hermetically sealed tube assembly filled with halon and the pressurising gas. When trigge-
red, a linear charge opens the tube along its longitudinal axis and releases the extin-
guishant, see Fig. 8. LFE's can be tailored in diameter, length and shape (bends) to suit
concentration and/or installation requirements.

Unpressurized containers have the advantage of lower mass and volume. A pyrotechnic device
generates a gas to distribute the extinguishant by bursting a pre-cut diaphragm or contai-
ner wall within milliseconds, Fig. 9.

The extinguishant distribution when leaving the container and the throw pattern can be
controlled by the shape of the release valve nozzle and the pressurization or by the pat-
tern of the pre-cut diaphragm.
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Passive fire and explosion suppression systems consist of foam-type materials for the in-
stallation into fuel tanks, dry bays and gaps to be protected. These open-pore foams or
networks are of feted from different manufacturers on the basis of polyurethane or polyami-
de materials. They can be cut and tailored to suit the different installation require-
ments. Foams designed for fire suppression purpose have the following advantages over ac-
tive systems:

- fit and forget installation;
- no electrical power required;
- suitable for multiple hits;

- reduces sloshing of the fuel in the tanks;
no system failures, no maintenance etc.

But the user has to take the following disadvantages into account:
- additional weight for the foam (8,5 to 32 kg/ms);
- loss of fuel by displacement and retention, the total fuel denial can reach values in

the order of 5%;
-some foam types are susceptible to water and higher temperatures or a combination of
both;

-maintenance and repair of components (pumps, valves, level sensors etc.) will be ob-
structed by the foam;

-special design is required in tanks when above mentioned equipment is installed;
-endurance tests have shown that 11 foams lose strength (15 to 50%) and elasticity af-
ter exposure to aviation fuel at 70"C (a temperature which can be easily reached in
modern aircraft fuel systems);

-resistivity requirements for the foam ( 8 X 1013 Ohms * cm max.) have to be observed.

There are a number of additional systems such as aluminium expanded foam, nitrogen pur-
ging, fuel enrichment, on-board inert gas generating equipment etc. in use or under
development.
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FUTURE DEVELOPMENTS

Existing active fire and explosion suppression systems are mostly designed in such a way,
that every single bay equipped with pipes carrying flammable fluids or positioned adjacent
to fuel tanks has its own complete detection and suppression system. The advantage of such
a design is to have a sort of multiple hit capability, i.e. reduced vulnerability, not for
each bay but for the aircraft. The design of modern fire suppressant reservoirs such as
the Linear Fire Extinguisher for example, have nearly all the advantages an aircraft de-
sigher looks for
- they are fast and have minimized mass;
- the throw-direction can be predetermined;
- they can be tailored to suit extinguishant concentration and installation requirements.
A large step forward in development of this part of the system cannot be expected in the
near future.
But the installation of a number of sensors for field of view and redundancy reasons in
each bay - a modern fighter aircraft contains 15 to 20 of those - is a large mass and re-
liability penalty for the system. It is thought that a centralized sensor system with one
single detector and a number of pick-up points (=receptors) in the bays to be protected,
could reduce mass and improve reliability without losing the multiple hit capability.

For the development of such a sensor system two premises have to be fulfilled:
- effective receptors must be found for the pick-up and transmission of optical signals

in the selected spectral region, say 0,2 to 6Jun ; and
- the centralized detector must not only be able to identify the signal but also to

locate the bay in question.

,It is proposed to use glass-fibre optics as receptors for this purpose. Although it is
known that fibre optics to be used for a specific wave length (IR for example) need fur-
ther development and careful selection of the material (type of glass); the author is con-
fident that suitable fibres will be available on the market in one to two years time (they
are already used in laboratory tests).
The injection of the optical signal into the glass-fibre can be done in two ways
- the conventional method is to use an optical device (lens) at one end of the fibre

which determines also the angle of sight; or
- to use the fibre in its full length as a receptor to control a bay, one could call it

an "optical fire wire". Ref. 9 shows that glass fibres can be treated in their longitu-
dinal dimension by means of laser beams to receive and transmit optical signals.

Only recently a laser warning system was developed by MBB (Ref. 10) which fulfills the
requirements for a detector described above. Although this system was not developed for
this specific purpose it can be adapted to lead to an effective solution with minimum
mass.
A new technology which allows the integration of optical, mechanical and electronic compo-
nents into one chip gives the possibility to design and build a sensor system as shown in
Fig. 10.

amplifier

signa no.1ribbonc o u n t e r  
cable

signal
0 0 p rocessor

glass-fibre opti s processor
Xq , AL%4_

detectors

Fig. 10 Block diagram and detector chip layout

To give an indication for the mass of such a sensor system two figures should be
mentioned:
- the mass of glass fibres is 0,008 kg/m, i.e. 20 bays with 6 m of fibre per bay accumu-

late to about 1 kg (plus protection for the fibres and installation material)
- one detector-chip incl. mounting will have a mass of about 0,060 kg.

It is understood that the detector - the heart of such a centralized system - has to be
positioned in a bay with controlled environment and has to be protected against enemy
threat.
Basic items (receptors, detector chip) for a centralized sensor system are under develop-
ment. The integration into a complete fire and explosion suppression system is an advanta-
geous task for the specialized companies.
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PROGRESS IN THE LAST DECADE

Around 1978/80 an integrated fire and explosion suppression system was investigated to
determine the system capabilities, installation requirements and mass penalties for a gi-
ven aircraft. The system proposed included the following measures which still can be re-
commended for the use on modern fighter aircraft:
- An active fire suppression system for the dry bays against primary and secondary fire.
- A passive suppression system (foam fill) for those fuel tanks which are partly or com-

pletely empty over the combat zone.
- Overboard drainage of leaking fuel after a hit and installation of flame traps to pre-

vent fire expansion.
- Protection of vital systems or components by massive structure or less vital units.

The active system was designed to protect a total of 16 installation bays. 50 UV-sensors
arranged in a number of groups and monitored by 5 control units plus 40 pressurized bott-
les with Halon 1301 as suppressant for a concentration of 20% vol. were required to give
adequate protection against the forecasted threat. The system design had only a "one-
shot"-capability, i.e. a hit in one of the bay groups released the total extinguisher volu-
me. A reduction of the suppressant concentration to 10% gives only little mass reduction
as the mass of the steel-bottles themselves influence the total mass by a large amount.

A modern sensor system using the same subdivision into a number of bay groups will give no
mass reduction. System improvement with a real multiple hit capability can be achieved by
installation of sensors with an integrated signal conditioner but this will increase the
mass for the sensor system as shown below. A noticeable mass reduction can only be achieved
by using modern techniques like glass-fibre optics and detector chips, as described above.
For the fire suppression system it is proposed to use halon in containers which can be
tailored directly to the installation requirements. Fig. 11 shows the mass comparison of
the different systems for concentration levels of 20 and 10% volume.

All masses 1980 suppression system IR-sensors with integrated Glass-fibre optics like
in kg UV-sensors, control signal conditioner in each receptors, centralized

units, Halon 1301 in bay, halon containers tai- detector chip, halon
bottles, single hit lored to individual re- containers tailored to
capability quirements, multiple hit individual require-

capability ments, multiple hit
capability

20% Vol. 10% Vol. 20% Vol. 10% Vol. 20% Vol. 10% Vol.

Sensor System 7,1 7,1 11,0 11,0 3,2 3,2

Extinguisher
system 27,9 21,3 11,5 5,8 11,5 5,8

Installation
Material 5,3 4,3 3,4 2,5 2,2 1,4

Total Mass 40,3 32,7 25,9 19,3 16,9 10,4

Fig. 11 Mass Comparison for an Active Suppression System

The passive system proposed for the fuel tanks in 1980 consisted of a 65% fill with a po-
lyurethane foam. The foam available at that time had the disadvantage of having a limited
stability at fuel temperatures of 80"C and the presence of water. The life of the foam
under the given conditions was expected to be only some hundred flying hours; i.e. the
foam had to be changed several times in the aircraft life with the continuous danger of
local disintegration (blocking of filters, coolers, sensor lines etc.). The unit weight of
this foam installation was 30 kg/m3 .
Modern polyamide "foams" (networks) have a mass of only 8,5 kg/m 3 and are stable for an
unlimited period at temperatures of l00'C, with short excursions up to 130"C. Tests have
shown that a 80% foam fill leads to acceptable overpressures during an in-tank explosion.
A comparison of both types for a given aircraft is shown below.

1980 Polyurethane Foam Polyamide Foam
30 Kg/m

3
, 65% fill C.,5 Kg/m

3
, 80% fill

2% fuel displacement, 1,6% fuel displacement,
3% fuel retention 2,2% fuel retention
limited life unlimited life

Foam Mass 92 kg 32 kg
Fuel Displacement 48 kg 46 kg
Fuel Retention 71 kg 65 kg

Add. Aircraft Mass 115 kg 51 kg
Fuel Loss 119 kg 111 kg
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SUPPRESSION SYSTEM LAYOUT FOR A MODERN FIGHTER AIRCRAFT

As an introduction it was explained that the conditions for a fire or explosion are always
present when a hit occurs. It was also stated that the hardware to suppress such a fire or
explosion is available on the market.
The following describes the system layout and the mass penalty of a suppression system for
a fighter aircraft in the lOt-class. It was assumed that the layout and main dimensions
should be as shown in Fig. 12.

Fig. 12 Layout of a lot fighter aircraft:
Single seater, two engines, integral fuel
tanks in fuselage and wings

Protection measures have to be considered
- for all dry bays with installation of pipework containing flammable fluids
- for all dry bays adjacent to fuel tanks and containing possible ignition sources (elec-

trical cables, hot bleed air pipe, exhaust ducts etc.)
- for all fuel tanks partly or completely empty over the combat area filled with an ex-

plosive fuel/air mixture.
Dry bays to the above definition are

Bay No. 1 Ventral Duct
2/3 Main Undercarriage Bay (L.H./R.H.)
4 Nose Undercarriage Bay
5 Secondary Power System Bay
6 Auxiliary Power Unit Bay
7 Avionics Bay
8 Environmental Control System Bay
9 Spine
10 Vee Bay
11/12 Saddle Bays (L.H./R.H.)
13 Gun Bay (Recoil)
14 Gun Bay (Breach)
15 Spent Cases Bay
16/17 Engine Bay (L.H./R.H.)
18/19 Wing Leading Edge (L.H./R.H.)

For each bay the volume, type of threat, working temperatures, types of flammable fluids
and special installations were defined as shown in Fig. 13.
With these data available, major suppression system manufacturers in the US, U.K. and Ger-
many were approached to define an active fire and explosion suppression system. The propo-
sals from the various specialist companies approached, showed a high degree of accord on
technical content, with minor differences on system weights.
- Each bay has to be equipped with a complete suppression system giving a multiple hit

capability.
- Halon 1301 was selected as a suppressant with a concentration of 9% vol. at 201C.
- The masses varied between 15,3 kg and 16,9 under consideration of those further mass

improvements which looked feasible from a technical point of view.
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SECONDARY POWER SYSTEM BAY

FREE AIR VOLUI-M - 0.36 M
3

This bay contains gear boxes, fuel lines,
hydraulic lines, electr~cal cables, fuel
valves and "hot" spot sources e.g. bleed
air piping.

Fig. 13 Example for the definition of the dry
bays for a fictional lOt aircraft

With these small differences it can be stated that an active fire and explosion suppressi-
on system for a lOt-aircraft can be designed for a sass penalty of about 16kg. A hybrid-
system combining the mininum mass sensor system and the minimum mass suppression system
offered by the different companies, would have a mass of only 12 kg - under the assumption
that a combination is technically possible.

For the fuel tank arrangement as shown in Fig. 14 a passive system using a polyamide foam
fill was selected for the following reasons:
- fit and forget installation;
- no electrical power requirements;
- no defect possible caused by damage, hit or system failure;
- multiple hit capability;
- no maintenance or logistics.

protected by

foam fill

Fig. 14 Fuel tank arrangement

The total fuel mass was assumed to be 4.500 kg with 1.500 kg left when leaving the combat
zone; i.e. 3.000 kg have to be protected by foam. Taking into account 3% airspace in the
tanks, 20% volume reduction for tank installations and 10% oversize-cut the foam mass can
be calculated as 29,6 kg. Fuel displacement is 1,6%; i.e. the aircraft refuelling amount
is reduced by 42,1 kg.
Fuel retention by the foam 2,2%; i.e. the usable fuel is reduced by 58,1 kg. This results
in an additional total aircraft mass of 45,6 kg and a total fuel loss of 100,2 kg.
The above calculation is a simplified method without knowing the actual fuel system arran-
gement and the transfer sequence. But it gives an indication of what mass penalty has to
be taken into account for a passive system for all tanks. At least for the fuselage tanks
a foam reduction in the order of 20 to 40% looks feasable by fuel tank compartmentation,
fuel transfer sequence and protection of vital components (pumps etc.) by heavy structure
or installations (APU, landing gear etc.). A protection of the wing tanks seems to be re-
quired in any case, as they are situated in a very exposed position and may be at least
partially emptied over the combat zone.
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CONCLUSION

The design of modern fighter aircraft today is more complex and expensive than ever
before, therefore requiring a higher utilization of all the latest techniques available.
Their development, procurement and in-service costs inc-rease every year. This results in a
reduction of the number of aircraft affordable of any one type.
Survivability is of a premium.
Protection measures against enemy threat - here fire and explosion - become more and more
attractive. Effective protection hardware is available on the market. It needs only to be
used.
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SUMMARY

US Navy aircraft are routinely exposed to various combat and non-combat threats that
could cause either a fire or fuel system explosion. This paper provides an overview of
the design concepts to prevent, detect and extinguish these fires and explosions.
Examples are given of actual designs and equipment installed on current Navy aircraft.
An assessment is included on how well these systems perform under test and operational
conditions.

SYMBOLS AND NOTATION

APU Auxiliary Power Unit
co Carbon Dioxide
FS ~ Full Scale Production
Halon 1211 Bromodlfluorochloromethane (CC'F 2Br)
Halon 1301 Bromotrifluoromethane (CF3Br)
NATOPS Naval Air Training and Operating Procedures Standardization Program
OBIGGS On Board Inert Gas Generating System

1. INTRODUCTION

Aircraft fire protection is composed of three basic design principles; (1)
prevention, (2) detection and (3) extinguishing. These principles are applied to the
basic aircraft design in the General Specification for Design and Construction of
Aircraft Weapon Systems, SD-24. ihe aircraft design contractor's engineers expand upon
these requirements to meet the overall system performance and survivability goals.
SD-8706 requires an analysis of the design and documented demonstration of the
performance of the components. System performance demonstration is required on the
completed aircraft by either MIL-D-8708 for fixed wing airplanes or MIL-D-23222 for
helicopters.

The intent of this paper is to describe the requirements Imposed on the designers of
Navy aircraft and provide an insight into how well the system design works. Just as
SD-24, SD-8706, MIL-D-8708 and MIL-O-23222 requirements are tailored to provide design
parameters for an aircraft's specific mission, so to is the fire protection requirements
streamlined to meet the Individual operational, environmental and performance of the
aircraft.

The basic requirement for the "Protection Against Fire" is specified in SD-24,
paragraph 3.2.13, as "Fire protection shall be in accordance with MIL-HDBK-221". This is
the Military Handbook titled Fire Protection Design Handbook for U.S. Navy Aircraft
Powered by Turbine Englnes. Other paragraphs ot u-24 cross reterence complementing
requirements that provided tailored details of specific MIL-HDBK-221 requirements.

As part of the aircraft design proposals, vendors aesignate primary fire zones that
require isolation, detection and extinguishing. After contract award, the designers
perform a detailed analysis to determine if other fire zones exist. For the highlighted
areas, the Handbook provides basic parameters to guide the designer in material
selection, equipment location and use of fire detection and protection equipment.
Although MIL-HDBK-221 has not been revised since 1965, and thus does not contain the
latest In the state-of-the-art materials and equipment, the basic principles are still
valid. An effort is currently underway to revise the Handbook, to validate and update
this information.

The Handbook establishes a fire protection performance baseline that describes
specific systems, their design parameters and installation requirements. To assist in
the understanding of these systems, the Handbook uses Illustrations to present the
requirements.

2. DESIGN CONCEPTS - PREVENTION

Once the preliminary design of a new aircraft places the engines, fuel system and
other flammable fluids, the the fire protection designer and/or engineer must asses and
identify the various fire zones. The Handbook provides the designer with the definition

S - --- ---.--- .--- -..--.-- --
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of a fire zone to be a compartment which contains flammable fluid components with
potential leakage and ignition sources or a compartment adjacent to a fire zone that does
not have sufficient separation to minimize flame propagation.

With these guidelines, the designer must now isolate the fire zone from adjacent
compartments with appropriate firewalls. MIL-HDBK-221 provides guidelines on material
selection, minimum wall thickness, and even restrictions on wall perforations. In
addition, it provides requirements for (al valves to shut off the flow of flammable
fluids through a fire zone to minimize feeding a fire, (b) air duct design and
fabrication, (c) flammable fluid line location and installation, and (cl fire detection
and extinguishing. The main power plant, auxiliary power plant, and combustion heaters
are given additional protection requirements, recognizing their inherent fire hazard.
Although the handbook's techniques are generic in nature, their applications are as valid
today as they were in 1965.

A current problem being worked relates to an existing aircraft's environmental
control systems turbine compressor unit which was not originally considered a fire
source. Accordingly, fire containment, fire detection nor fire extinguisning were
provided for this compartment. However, after many years of operation, these compressors
are failing in such a manner that a titanium fire is initiated and has resulted in the
loss of several aircraft.

An analysis of Fleet fires and system failures have identified a failure mode and a
means to detect an incipient failure. The pilots have been given revised operating
instructions related to the cause and effect of a compressor failure, and the maintenance
personnel have specific inspection procedures. An interim solution has been the addition
of an dedicated temperature switch to warn the pilot of a rise in compressor outlet
temperature. This system only warns the crew of an impending problem to be verified by
maintenance. The ultimate solution is the replacement of the existing compressor with a
newly oesigned air bearing unit that eliminates the the prior failure mode and returns
the compartment to a non-fire zone state.

On the Navy's newest aircraft, the tilt rotor V-22, the designers have used the fire
zone containment and threat in their design of the wing-tip nacelles (figure 1I. A fire
wall, fire detection (figure 2) and extinguishing (figure 3) are provided for the lower
half of the nacelle that houses the engine, while the upper half, which houses the
hydraulic system and generators, does not have fire detection nor extinguishing (figure
1). The engineering rationale used to justify this design is that the cooling air
provided to the upper nacelle has such an air velocity that there is no time nor location
for a fire to dwell. Only operational experience will be able to verify this assumption.

Figure I V-22 Nacelle Cross-Section

Figure 2 V-22 Nacelle Fire Detector Figure 3 V-22 Nacelle Fire Extinguisher
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Another innovation on the V-22 is the protection of engine bleed air lines. Rather
than incorporating overheat leak detection sensors, the bleed air lines are shrouded by a
line-within-a-line concept that contains any leakage. In addition, a pressure
transducers measures any pressure drop in the main line to warn of a failure. This
philosophy will also be subject to operational verification.

Recognizing that an aircraft will contain at least two flammable fluids, fuel and
hydraulic fluid, MIL-HDBK-221 provides guidance on tank and fluid line design,
construction and location. The handbook then progresses to fluid systems, ventilation,
fueling and defueling requirements. By cross referencing component performance and/or
design specifications, the fire protection requirements are interwoven with the system
and aircraft performance requirements. Crashworthiness and combat survivability
requirements for a specific aircraft are blended with existing fire protection designs to
provide a modern aircraft with the best available technology and safety.

Here again, the V-22 is an example of these requirements being applied. A
crashworthy fuel system is being installed to preclude fuel spillage following a crash.
Not only are the fuel cells designed not to rupture on impact, they also have breakaway
disconnects that seal upon separation to prevent further spillage. For combat
protection, the lower third of specific fuel cells are self sealing bladder material used
to minimize fuel loss after ballistic penetration. To augment this, the wing dry bays
adjacent to the fuel tanks contain one of three different fire protection systems (figure
4): (a) the area around the wing ribs has void filling foam, (b) the wing leading edge
area has powder filled honeycomb panels and (c) the wing trailing edge area 11as optically
activated fire extinguishing units. The sponson fuel tank areas use void filling foam.
To complete the design, the fuel cell themselves are inerting by an On Board Inert Gas
Generating System (OBIGGS) which provides nitrogen enriched air that prevents an
explosive over pressurization of the cell upon impact by an incindeary projectile.

Gun fire tests where run to evaluate the merits of the various protection systems,
and as a result of the tests, changes where made from the proposed systems.
Specifically, an Aluminum Oxide powder puffers were originally proposed for the wing
trailing edge dry bay fire extinguishing, after failing to prevent a dry bay fire, a
Halon 1301 filled tube with pyrotechnic fracturing systea1 was substituted and is now on
the full scale production (FSB) aircraft (figure 5).
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Figure 4 V-22 Wing Fire Suppression Figure 5 Systron Donner Linear Fire
Equi pment Extinguisher

Not only are our newest aircraft receiving these protection techniques, existing
aircraft are selectively being modified and updated. An example of this is the A-6
Intruder, which is being retrofitted with dry bay fire suppressant foam and fuel tank
ullage explosion protection for coisbat survivability. Also improvements are being made
to material applications around fire zones, the addition of a discrete fire detection
system, the modification of the existing overheat detection system and the addition of
compartment fire extinguishing capability. In addition, many helicopters have been
retrofitted with crash worthy fuel systems to improve the crews safety subsequent to a
crash.

MIL-HDBK-221 deals with other systems such as electrical, bleed air and oxygen. It
then goes into "hazardous systems" that are potential fire zones and explosion hazards if
not properly designed and located. Hazardous systems include high speed rotating
equipment such as starters, auxiliary power units and drive shafts. The design practice
locates these components so that in case of their disintegration a flying fragment would
not damage flammable fluid components, explosives or oxygen containers. The alternative
to location is protective design, such as shrouds. Other hazardous systems are high
pressure air, explosives, engine starters, guns, munitions and even landing wheel
brakes. In most of these systems, HIL-HDBK(-221 refers the designer to the component
design specification for fire and safety parameters.

Here again, the V-22 demonstrates how these concepts are applied. The center wing
gear box contains the auxiliary power unit (APUl. A fire wall is provided around the hot
section of the APU with its own fire detection and fire extinguishing system. Other
sections of the gearbox compartment have been determined not to be a fire hazard. The
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A-6 retrofit program also recognized the hazards of the APU, and has extended the aft
equipment bay fire detection sensors abd fire extinguishing system around the APU
compartment.

Other environmental threats, such as lighting penetration strikes into a flammable
fluid system, and the ability to tolerate static electricity are also handled by the
Handbook. Basic design concepts are suggested that would- improve aircraft resistance to
these threats. State-of-the-art fiber reinforced composite materials, used for weight
reduction, have a problem with static electricity and lighting steike dissipation. As
techniques are developed, these technological advances will be incorporated into NIL-
HDBK-221, either by direct statements of fact or by cross referencing other
specifications, so that they are applied to the next generation of advanced aircraft.

Material selection and design of other areas of the aircraft, such as the inhabited
compartment, and baggage and cargo area, has seen newer and different materials being
used. Their relative safety in regard to fire resistance and outgassing of noxious or
toxic fumes is not addressed in the Handbook. Like electrostatic protection this
materials related information either needs to be addressed directly in the Handbook or
cross referenced to another document.

3. DESIGN CONCEPTS - DETECTION/EXTINGUISHING

Fire detection provisions are an example of how SD-24 cross references a design
requirement. As part of NIL-HDBK-221, fire detection is described and specific design
parameters are provided. However, SD-24 paragraph 3.19.4 is* the contractually binding
section that stipulates the requirement for fire detection. Both requirements are
complimentary, except that the actual system used on an aircraft is identified in
paragraph 3.19.4.

The fire detector section of MIL-HDBK-221 is an example of where the latest state-
of-the-art equipment is not specifically included nor is the use of this equipment
excluded. The MIL-F-7872 wire type fire detectors cover the performance requirements for
the detection element and system. Where as the eutectic salt (discreet temperature) and
thermistor (average temperature) type detectors meet all the specification requirements,
the pneumatic (average temperature) detector does not meet the loop circuit
requirement. Designs are available to back up a pneumatic system to provide coverage in
case of an in-flight element fracture; this difference must be taken into consideration
during design.

Optical sensor technology has :mproved to include dual range and combination of
Ultraviolet and Infrared sensors. These reduce the potential for a sensor to give a
false indication, as well as improve the responsiveness to specific threats. None of
these improved sensors are covered by a specification, but their use is being encouraged
because of their improvements and resistance to false warnings.

Once the aircraft is built, a temperature survey of the engine compartment is
required to verify the thermodynamic predictions to insure proper activation settings for
the sensors. NIL-F-7872 requires the wired sensors to be set one hundred fifty to two
hundred fifty degrees Fahrenheit (150 - 2500 F), eighty-three to one hundred thirty-nine
degrees Centigrade (83 - 1390 C) above maximum operating conditions. Some vendors
suggest that their elements can be set with a tighter safety margin.

The V-22 selected the pneumatic detector for the engine nacelle and APU detectors,
and a dual range optical sensor for the automatic wing aft dry bay fire extinguisher.
The modification to the A-6 is using the existing thermistor sensor for overheat and
adding an eutectic salt system for specific fire detection in the engine nacelle and aft
equipment bay. From available data, each detection system can perform the necessary
tasks. However, the individual installation can effect the systems reliability and
ultimate procurement costs. Figure 3 shows how the pneumatic detector has on overlap at
the rear fire wall to provide redundant coverage.

Like fire detection, fire extinguishing is specified in SD-24 paragraph 3.19.4 and
also is described in MIL-HOBK-221. The specific requirements for fire extinguishing are
established in the aircraft detail specification with the installation complying with the
performance requirements of MIL-E-22285 and the bottles designed and tested in accordance
with M!L-C-22284. Exceptions to these requirements are given when the detail design
utilizes overcharged bottles or different discharge tube diameters.

NIL-E-22285 requires a demonstration that the fire extinguishing system provides six
percent by volume in air or twenty-two percent by weight Halon 1201. This concentration
must be maintained throughout the compartment for a minimum of one-half a second. HIL-D-
8708 requires this to be demonstrated during flight. For aircraft that installation of
the necessary recording equipment is not practical, the test can be performed on the
ground with sufficient cooling air provided to simulate inflight conditions.

In light of the growing problem with the atmospheric ozone problem, and the controls
being imposed on chlorofluorocarbons, continued use of Halons is currently not a
problem. The freezing of Halon production at 1986, levels by 1992, should not effect the
availbility as long as current inventories are recycled. However, if any of the few
manuiactures decide to discontinue manufacturing Halon, even at the established rates, a
new agent will have to be found. Currently, my office is not supporting any research or
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development into finding alternative agents, but work is being done by the manufactures
and fire fighting community.

Although we may have designed and built the perfect aircraft, it still couil have a
fire. The properly working detection system then notifies the pilot of the hazardous
situation. Emergency Provision to cope with the situation are outlined in the
Handbook. These procedures are then specified in the applicable Naval Air Training and
Operating Procedures Standardization Program (NATOPS) manual for each aircraft. For the
earlier mentioned envirnnmental controls system turbine compressor problem, NATOPS were
modified to alert the pilot to the potential for catastrophic failure of the flight
controls as a result of the failure of the turbine and required immediate shut down of
the ECS. As corrective repairs are identified and implemented, NATOPS are update
accordingly.

The above addressei designing the aircraft for non-combat threats. MIL-HDBK-221
then discusses the crash and combat scenario. Here again, the basic principals are
valid, but technology has brought forth systems that provide a more efficient design.
Providing a fuel tank with explosion suppression, such as inerting, is not a new concept,
but MIL-HDBK-221 did not provide specific design guidance. The currently available
techniques such as stored liquid Nitrogen or Halon, an On Board Inert Gas Generating
Systems (OBIGGS), or explosion suppressant foam can be safely used if properly sized and
installed. Each system has it individual merits and problems that the designer must
weigh before selecting a system.

Hand held fire extinguishers are another example of where the Handbook data has been
outdated and aircraft have been modified with the later technology. MIL-HDBK-221
requires the use of Carbon Dioxide (C09 ) units, that are no longer available nor are they
the best nor safest agent. The Navy has chosen a two and three fourths pound (one and
one quarter kilograms) Halon 1301 extinguisher, that is purchassed in accordance with
MIL-E-52031. Although the Federal Aviation Administration (FAA) has required that
commercial aviation use Halon 1211 hand held units, the Navy selected Halon 1301 because
a Military Specification had existed which facilitated procurement, and the higher safe
exposure limits, seven percent versus 2 percent, for a confined space. Both Halons are
better fire extinguishing agents and safer than the CO2.

The A-6 fuel tank ullage explosion retrofit program is using a stored Halon system
which will require recharging the system after every combat flight. While the V-22 and
AH-1W are using OBIGGS systems to provide full time fuel cell pressurization and
inerting. As long as the appropriate concentrations are maintained, either system will
protect the aircraft from fuel tank over pressurization upon impact by an incindeary
projectile.

OBIGGS currently does not have the flow rates for fighter and attack aircraft, thus
limiting its application. However, work is underway with new technology permeable
membrane air separation modules that may provide the improvements necessary. A
technology demonstration is proposed by the Naval Weapons Center, China Lake, California,
to install a permeable membrane system on an F-18 aircraft. Flight tests to determine
ullage composition and Inerting verification are a major portion of the program.

The Navy takes fire protection very seriously, and is concerned about the safety of
all its aircraft and crews. However, some aircraft are not amenable to all the
techniques as others. For example the vertical lift AV-8B Harrier, with its single
engine, has fire detection but no fire extinguishing. Essentially, to fight an engine
fire the first step is to shut down the engine and all fuel going to it. Once the one
and only engine is shut down, it is mute to inject a fire extinguishing agent, because
you are not going to restart the engine. However, fuel tank ullage explosion protection
is being considered to improve combat survivability.

4. DESIGN - VERIFICATION

The Navy not only has specifications that guide the design of the aircraft, but
other specifications identify the necessary component and system testing required to
verify the design. Throughout the above description of the design process, there has
been reference to some of this verification.

SD-8706 provides the contractual requirement to perform design analysis, trade
studies and component testing. MIL-D-8708 and MIL-D-23222 are the flight test
demonstration requirements for fixed wing and rotory wing aircraft. Here the requirement
is to show how the design works, as a system, in an aircraft.

Hopefully the aircraft has been designed properly, and the inherent passive fire
protection will prevent a fire. As such, the integrity of fire walls are not tested, but
fluid leak paths are assessed to verify that flammable fluids are directed away from
potential ignition sources. The integrity of the fire detection system is tested and a
heat source is applied to confirm the trip settings. If possible, the fire extinguishing
system should be tested during flight to verify agent concentrations, but from practical
purposes, the test is performed on the ground with simulated air flow.

Systems installed for combat protection are evaluated under live fire conditions.
As a result of subscale tests designs have been changed, such as the V-22 wing aft dry
bay fire protection system changing from a powder extinguishing agent to Halon, and the
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A-6 fuselage dry bay foams were changed from reticulated polyurethane to polyimide
foam. These tests have also confirmed the design parameters, such as the duration of
protection provided by A-6 Halon fuel tank inerting system.

5. SYSTEM APPLICATION

The Navy is designing its latest aircraft, using the lessons learned from from
combat and routine operations, to be safer and more durable and yet not sacrifice the
aircraft's performance. The costs of replacing a crew or aircraft warrant the initial
expense of proper design.

Trade studies are still required to weight the cost versus performance benefit of
different design parameters, such as using explosion suppressant foam versus a gas
inerting system in the fuel systems. The former requires minimal maintenance and has the
ability to provide multiple hit protection but increase aircraft weight and reduces
usable fuel. While the latter systems require periodic (some times every flight,
refilling and repair of various electrical and mechanical components.

It is not the intent of this paper to say which is the better choice, rather to
identify the design philosophy the Navy is using in building new and retrofitting
aircraft. MIL-HDBK-221 is the backbone of the design process, and hopefully it can be
maintained current to insure future aircraft need fewer design guides to find the
appropriate information.
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DISCUSSION

H.H. SINGLETON
1.Given that the US Forces have adopted HALON as a principle

fire extinguishing agent, what is your experience relative to
the corrosive aspects.

2.Given the restraints emposed by the Montreal Protocol
on HALON what are your views on the use of C02 as an alternate
fire extinguishing agent for engine fires?
AUTHOR's REPLY:

1.Compared to the liquid of powder agents, HALON 1211 is
preferred because it is not corrosive and does not require
extensive clean-up. Also, on comparison to C02 one does not
get the thermal shocking by using HALON.

2.The Montreal Protocol limits production of HALON to 1986
levels, but does not require a ieduction. The use of C02 as
an on-board extinguishing agent would increase the system size
and weight but still may not be as effective. For crash crew
application there is the thermal shock and capacity problems
to be addressed.

F. TAYLOR
In the past aircraft have been designed with a slight

depression in the tank, so that in the event of a strike fuel
would not pour ouL. Some tests were done at Cranfield. Has this
system been considered for appropriate aircraft?
AUTHOR's REPLY:

I am not aware of such a design. Our concerns are for large
projectiles which a slight negative pressure may not provide
enough differential protection. We design our systems with a
positive pressure to assist fuel feed, a negative pressure system
would require a completely different concept.

WINTERFELD (Comment)
If you determine the extinguishing efficiency in terms

of laminar burning velocity, the efficiency of C02 is much less
than this of HALON. In certain circonstances the HALON reduces
the laminar burning velocity by 50%, C02 by about 3%. One can
calculate from these figures the amount of C02 one needs to
extinguish a fire in a ventilated engine bay.
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Summary

Flight Safety is a prime consideration of the Canadian Forces in its approach to
air operations. The aim of the Flight Safety program is to prevent the accidental loss
of aviation resources and this is done by investigation of occurrences, determination of
cause and implementation of preventive measures.

Aircraft fire safety is a concern not only to save lives, but resources as well.
An overview of aircraft fire safety in the Canadian Forces and how fire safety is
approached for the various aircraft types is presented. The transport, maritime and
helicopter fleets are discussed as are procedures for the CF-18.

Another aspect of fire safety that is briefly covered is the crash, fire and rescue
capability (CFR) at military airports to handle an emergency.

Introduction

Prior to discussing aircraft fire safety in the Canadian Forces, a description of
the Canadian military structure is necessary. The Royal Canadian Navy, Air Force and
Army were integrated in 1968 to become the Canadian Armed Forces. Prior to integration,
each of the services had their own integral aviation assets including aircraft, mainte-
nance and aircrew. With unification, all aviation resources were amalgamated under the
Commander of Air Command with operational control of specific air resources being given
to the land and Maritime Commanders through designated Air Groups. Although the terms
Army, Navy and Air Force are being used again and there a., distinctive uniforms, all
aviation resources remain under the Commander of Air Command who is responsible to the
Chief of the Defence Staff. As a result, the Flight Safety organization is "Air Force"
and includes the responsibility for resources working in the field with the Army as well
as off the decks of destroyers at sea.

The Canadian Forces Flight Safety system starts right at the top with the Chief of
Defence Staff who is responsible to the Minister of National Defence. The base statement
is that "accident prevention is the responsibility of the commander". From this falls the
aim of the Flight Safety program: "To prevent the accidental loss of aviation resources".
And this is done by investigation, determination of cause and implementation of preven-
tive measures.

Air Command, the largest of the Canadian Forces Commands, is composed of six
functional groups to meet Canada's defence commitments:

a. Fighter - CF-18, CF-5;

b. Maritime - CP140 (P-3 Orion)
CP121 (Tracker)
CH124 (Sea King) helicopters

c. 10 Tactical - providing tactical aviation support to Mobile
Command (The "Army")with

CH147 Chinooks
CH135 Twin Hueys
CH1136 Kiowas

d. Air Transport CC137 (Boeing 707)
CC130 (Hercules)

CC109 Cosmopolitans (Convair 580)
Challengers
DASH 8s
Buffalos
Twin Otters
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e. 14 Training - CT114 Tutor
CT133
CT134 (Musketeer)

f. Air Reserve

Aircraft fire safety is naturally a concern, not only to save the lives of
passengers and crew members, but also to preserve material resources to the best extent
possible. There are too few resources to start with, and with a constrained budget, the
Canadian Forces must do everything possible to maintain operational strength. The
concern then, regarding fire safety, encompasses not only the large transport, passenger-
carrying aircraft of transport group but also the small Kiowa helicopter.

This paper presents an overview of aircraft fire safety in the Canadian Forces.
The obvious "Why" has already been mentioned and "How" the different types of aircraft
and operations in the Canadian Forces approach fire safety will be looked at. What
actual experience the Canadian Frces have had in aircraft accidents and incidents
relating to fires will also be covered and there will be a brief look at crash, fire
and rescue (CFR) at Canadian Forces airports.

Transport Aircraft

Attention was focussed in recent years on several incidents involving aircraft
fires that started innocently enough but ended in disaster - an LIOII at Riyadh, a DC-9
at Cincinatti and a 737 at Manchester to mention three. These accidents provoked
world-wide discussion and activity regarding passenger cabin safety. Since Canadian
Forces transport aircraft are designed to carry passengers as well as cargo and,
similar to all commercial aircraft today, there is some compromise between safety and
efficiency, obviously the Canadian Forces have concerns regarding aircraft fire safety.
In particular, the light-weight materials used for cabin habitability have proven in the
aforementioned accidents to be most flammable and to give off lethal gases when burned.

The Canadian Military, particularly Air Transport Group, are justificably proud of
their passenger safety record. However, being not only a Government agency but military
as well, it is very conscious of limited budgets. However, Transport Canada regulations
are complied with where possible. Safety modifications to aircraft are being carried out
that reflect current technology, but modification of some existing aircraft will not
occur. Future aircraft purchases will incorporate a number of the recommended safety
modifications.

Obviously, of greatest immediate concern to the Canadian Forces are our passenger-
carrying fleets. Compliance has been followed with the various Transport Canada Air
Navigation Orders (ANO) as indicated: (For aircraft not mentioned, the regulations were
not applicable).

a. ANO #28 Fire-Blocking Materials - Seats.

The flammability of seat upholstery, fabric covers stretched over
polyurethane foam, is often a major factor in the spread of an
internal fire. Chemical retardants applied to the fabric can
improve flame resistance but are subject to degradation from
normal use. Research has shown that a fire-blocking design,
a thin thermally stable fire-resistant material over the foam
cushions, can be very effective in delaying the spread of fire
(Figure 1) and ANO #28 calls for fire-blocking.

Upholstery

Fire-blocker

Polyurethane
Foam

Figure I - Fire-blocking

I ________,
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CC137 Boeing -

The ANO will be complied with, but delayed due to a decision whether
to replace seats entirely or just the cushion and seat cover. The
target date for compliance is the summer of 1989.

CC130 Hercules -

A requirement for five pallets of extra passenger seats, 1 Lriple
and 10 double, for the VIP role has been identified. They will be
done in conjunction with the CC137 program.

DASH 8 -

All seats have been fire-blocked.

CC109 Cosmo -

New seats that have been fire-blocked will be installed by the summer
of 1989.

b. ANO #29 Escape Path Marking. In an aircraft accident where there is a fire,
visibility is greatly reduced very quickly. Great quantities of
smoke are generated and, rising, obscure vision everywhere but near
the floor. The ANO requires installation of emergency escape path
marking to enable each passenger to visually identify the emergency
escape path along the cabin aisle floor in finding their way to exits
after leaving the cabin seat, and to enable each passenger to readily
identify each exit from the emergency escape path by reference only
to markings and visual features not more than four feet above the
cabin floor.

Light

i / \ \Aircraft

Floor

Figure 2 - Floor Proximity Lighting

CC137 Boeing -

Delays were experienced while floor track or seat mounted versions
were being evaluated. The decision was for a floor proximity
mounting similar to Figure 2, each unit being independent, radio-
wave activated. This type of fitment is necessitated by the
frequent changing of configuration from passenger to cargo versions.
Fleet fitment is to be completed by the fall of 1989.

CC130 Hercules -

The VIP seating module will comply.

DASH 8 -

Lead-time delays on procurement of a system has delayed the program,
but an escape path marking fitment, like Figure 2, should be installed
by the summer of 1989.

CC109 Cosmo -

Fleet fitment of a floor track system as depicted in Figure 3 is to be
completed by the summer of 1989.
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figure 3 - Floor Track Lighting

C. ANO #30 Cabin fire protection, including labatory smoke detectors and waste
receptacle extinguishers and Cabin Halon 1211 extinguishers.
Lavatories are vulnerable to fires due to electrical failure or
disposal of smoking material, particularly since they are not under
the constant eye of the cabin crew. Transport Canada has decided
that lavatory smoke detectors and waste receptacle extinguishers
are required as well as portable Halon 1211 extinguishers. All
Canadian Forces transport aircraft are compliant except that the
Challenger fleet needs some re-design for the lavatory waste
receptacle extinguishers and this won't be completed until early
1990. There is currently a study under way to determine whether
the sensitivity of the installed smoke detectors can be increased;
also, other types of very sensitive detectors are being considered.

d. Air Directive on lavatory flush motor circuit breaker protection.

This relates directly to the electrical vulnerability of the lavatories.
The Challenger is the only aircraft not presently compliant but fleet fitment
should be completed by the middle of 1989.

Other avenues leading to greater cabin protection are being investigated, such as a
cabin spray system, currently being looked at by British CAA and the American FAA. This
system promises more time and better conditions to evacuate from a burning aircraft by
spraying a misL of water throughout the cabin. This effectively washes out smoke and
toxic fumes, takes out heat and reduces fire propagation. Smoke hoods, too, have been
tested by the Canadian Defence and Civil Institute of Aviation Medicine. The question
of smoke hoods, though, for use in aircraft is more complicated than first thoughts
would indicate. Some corporate flight operators already provide them for crew members
but aviation experts remain divided over whether their deficiencies and the possible
added confusion of donning them would delay passengers and counter their usefulness.
Of the three basic types available - filter, breathable gas or cartridge and simple bag -
each has advantages and disadvantages and there is controversy in the aviation community
over what is best. However, the Directorate of Flight Safety is monitoring the smoke
hood subject.

Not to be overlooked in this issue of improving aircraft fire safety, is the
training and performance of the cabin crews. After all, they are the ones that must
implement emergency procedures and direct/assist the passengers. The Canadian Forces
Flight Attendants are thoroughly trained in safe housekeeping practices, and how to be
continually alert for unsafe passenger actions and to be ready for immediate action.
To counter situations involving potential fire, they undergo regular check rides and
yearly hands-on, practical simulator training.

Although monitoring of the cabin area is made easier by the "No Smoking" policy
on all Canadian military aircraft, particular attention is paid to lavatories and
trash receptacles to ensure no smoke is present. The Flight Attendants are continually
on guard for unusual, burning or electrical odours as well. Baic fire prevention is
something that is trained for and practised as a metter of routine.

Topical articles in Flight Comment, our Canadian Forces Flight Safety magazine,
are published regularly to heighten awareness of all in helping detection/control and
protection/survivability. It is recognized that passengers, too, can contribute greatly
to a safe flight.
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Fire Safety on Other Aircraft

The preceding paragraphs outlined measures followed for the transport, passenger-
carrying aircraft. There are other aircraft, like the CPI40 Aurora (P3 Orion), that
carry personnel as well. However, being military, internal fitments and materials for
these operational aircraft do not have to meet the civil regulatory requirements, but
since items are generally similar to commercial ones, they usually meet the requirements
in effect at the time of contract.

Canadian Forces helicopters also have a measure of fire safety in that they all
have "crash-worthy" fuel cells. The CH135 Twin Huey and CH136 Kiowa also have frangible
fuel lines and fittings.

Even the front line fighter, the CF-18, has a measure of fire safety protection to
minimize airframe and engine damage resulting from a fire. Cases of burnthrough of the
engine and burnthrough penetration of the aircraft heat shield have been experienced.
This has caused a fuel or hydraulic fluid fire and damage to aircraft flight control
components, and has resulted in the loss of an aircraft. The burnthrough resulted from
a titanium fire caused by high energy friction rub of titanium blades on the titanium
case. The molten and burning titanium particles impinged and penetrated the aircraft
engine heat shield. If fuel lines are broken as a result of the heat source, a secondary
fuel fire results which continues until the fuel is shut off.

To counter this type of emergency, pilot procedures regarding engine shut down and
fuel shut off were revised. As well, investigation revealed that the existing aircraft
heat shield in the affected area had to be improved. The manufacturer conducted a series
of tests and evaluations to determine how best to contain a Titanium fire, and it was
determined from test results that a material called Viton was suitable. (Viton is a
proprietary mix defined by a General Electric specification and manufactured by Eagle
Elastomers, Stowe, Ohio.) The Canadian Forces adopted the Viton solution proposed by GE
of coating the outer ducts. This, and the revised shut-down procedures, have been
effective in saving several aircraft.

Actual Experiences

As to Canadian Forces experience in protection from aircraft fires, there have been
several occurrences. A waste receptacle fire on the Boeing caused by a cigarette was
readily detected and extinguished. There continues to be an average of one incident a
month where the lavatory automdtic smoke alarms detect a passenger trying to sneak a smoke.

Two recent helicopter accidents have proven the efficacy of the crash-worthy fuel
cells. They were undamaged even though the aircraft were totally destroyed. As well,
as just mentioned, the efficacy of the Viton coating has been demonstrated.

Crash, Fire and Rescue Capability (CFR)

Another aspect of aircraft fire safety in the Canadian Forces is the crash, fire
and rescue capability at military airports to handle a declared emergency or crash.
Currently, the capabilities of the military airports are under review to ensure that
they are able to handle the potential problems of their regular traffic. A project is
underway to provide an upgrade from Category 6 to 7 where necessary by purchasing larger
capacity Crash/Fire/Rescue trucks, because it is no good being able to handle the
emergency in the air and not being able to cope on the ground. Canadian Forces Bases
at Shearwater, Greenwood, Edmonton, Comox and Lahr will be upgraded.

Conclusion

In conclusion, then, the Canadian Forces is very cognizant of aircraft fire safety
in its broadest terms. Not only large passenger-carrying transport aircraft are
considered, but measures are implemented for single-seat fighters and small helicopters.
The Directorate of Flight Safety and the Aerospace Engineering and Maintenance personnel
at National Defence Headquarters act as a focal point for the coordination of work on
aircraft fire safety. Canada incorporates, where appropriate, the lessons learned from
civil and military aviation occurrences, not only in current aircraft, but also in
future buys. The Canadian Forces is justifiably proud of its passenger-carrying safety
record and its steps to ensure the fire safety of all of its aircraft. However, budgets
do conSLrain what can be done, may be more so than a commercial operation. The disasters
of Cincinatti, Riyadh, and Manchester have forced Governmental regulatory agencies to
take positive steps to co,lnter potential safety hazards. The military wants to be just
as safe, but the economicb are different, and thus, it might take a little longer to
adopt new safety measures. But the Canadian Forces can and does compensate for various
constraints by more intensive training and dedicated personnel. The awareness factor
of all Canadian Forces personnel who are involved in air operations is raised by a
positive and active Flight Safety Program.
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DISCUSSION

E. GALEA
In your presentation you mentioned that one of the reasons

that smokehoods were not currently being considered for use
on military transport aircraft was related to the "confusion
factor". Is this really valid since military transport aircraft
carry military personal (army, navy and airforce) who are all
trained to perform in adverse conditions ?

AUTHOR'S REPLY:
The cross-section of passengers on the Canadian Forces

transport aircraft has a similar make-up to those on a commer-
cial flight. They are not all military - many dependents (spou-
ses, children) - are carried. About the only difference in pas-
senger make-up may be that there are not as many olderly persons.
As well, the average military passenger probably has not much
more exposure to air travel than a civilian. In a disaster,
the passengers on our aircraft probably wouldn't react too much
differently than those on a commercial carrier.
Thus the concerns we have regardering smokehoods are similar
for others.
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SUMMARY

Commercial air transportation is the safest mode of transport, because
the industry and its regulators have emphasized accident avoidance along
with backup fire management/control and personnel evacuation strategies
when accidents do occur. Regulatory authorities set the minimum safety
standards for the design, manufacture, and operation of aircraft, to
which the individual manufacturers and operators add their own
unilateral, self-imposed safety criteria. The evolution and status of
the FAA regulatory fire safety criteria applicable to aircraft
manufacturers, and the additional criteria imposed by the manufacturers
on themselves such as D6-51377 for Boeing and ATS 1000.001 for AIRBUS
Industrie, are discussed.

1. INTRODUCTION

Of paramount concern to an airplane manufacturer is to design the highest level of
safety into his airplanes. The basic airplane design must assure that minimum
mandatory standards set by regulatory authorities are satisfied. However, since
regulatory requirements must by their nature represent a minimum level of safety,
all manufacturers always include in airplane designs unilateral supplementary
safety criteria that ;o beyond the regulatory minima. These complementary sets of
design criteria assure the ultimate customers for the product -- the passengers
who fly on the airplanes -- that the airplane design represents the highest
achievements in safety.

The airlines must also assure that its operations are safe, and that the high
safety level which is designed and built into the airplanes by the manufacturers
are reinforced by systematic operating and maintenance procedures.

The regulatory authorities have the responsibility of assuring that the mandated
minimum safety requirements are met not only by each certified airplane design,
but also by each manufactured airplane. The authorities also monitor the opera-
tion of the airlines to assure that mandated airline operating standards are met.

The sum total of these efforts by the airplane manufacturers, the operating
airlines, and the regulatory authorities is that commercial air travel has become
by any reasonable measure far safer than any other transportation mode in history.

Notwithstanding this excellent safety record, naither the manufacturers, airlines,
nor the regulators can say that no further attention need be directed toward
improving safety. Such an attitude would probably lead to complacency, and would
actually lower safety standards. We must always strive to improve safety.

2. FIRE SAFETY

Fire safety is one of the principal areas which have received much attention. The
regulatory authorities are very sensitive to fire safety issues and always upgrade
the regulations to the state-of-the-art. The manufacturers recognize the immense
benefits of selecting fireworthy materials and designs, and have always placed a
great deal of emphasis on their own fire safety design criteria that go beyond
regulatory requirements. The reduction of risk due to fire has therefore played a
very large role in the design and operation of commercial transport airplanes.

2.1 Postcrash Fires

Fire on an airplane is an extremely serious thing. particularly if t occurs
during a take-off or landing accident in which jet fuel gets involved in the fire.

Fuel has to be flammable so the engines can use it, and a great deal of fuel is
required for the operation of the airplane. For example, there are more than 100
gallons, or 800 pounds, of fuel carried at take-off by a long-haul airplane for
each available passenger seat. The amount of heat that can be generated by
burning the fuel available at take-off is about one hundred times as much as the
heat that could be generated by burnirg all the interior furnishings plus the
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passengers' carry-ons and clothing. The temperatures created by a fuel fire are
cn the order of 1000C, and the aluminum used for the airplane structure melts
about 350C below that. Less than five percent of the fuel available on take-off
can produce enough heat to melt all the aluminum used in the airplane's structure.

The important conclusion that this sobering comparison reveals is that the biggest
payoff in airplane fire safety is to AVOID ACCIDENTS. Crew training, airplane
maintenance, and airport facilities all play a part in avoiding accidents.

2.2 In-flight and Ramp Fires

There have been fices in the past that have occurred in situations other than
landing or take-off accidents. In-flight fires have been infrequent, and very
rarely have been serious.

Fires have also ccurred in airplanes while parked at the ramp overnight or during
maintenance operations. While such "ramp fires" have not put any passengers or
crew at risk, they have caused hull losses, with the resultant economic impact. A
manufacturer's selection of appropriate fireworthy designs and materials can
minimize the number and severity of these fires.

3. INCLUSIVE REQUIREMENTS FOR AIRPLANE DESIGN

Airplane manufacturers are required to build airplanes that meet the regulatory
mandates set by government authorities. In addition tc regulatory requirements,
all manufacturers impose upon themselves their own safety criteria which go beyond
the regulations. The design must satisfy this combination of regulatory and self-
imposed, unilateral safety requirements.

There are two types of fire safety criteria: those that apply to systems (e.g.,
the requirements for fire extinguishers, fire stops, etc.), and those that apply
to the selection of materials. It is important to recognize that material selec-
tion criteria -- regulatory and unilateral -- really apply to the performance of
PARTS, which are frequently made up of several materials. flow a part is
constructed and processed depends on the materials it is made of; when materials
change, the construction and processing of parts have to change also.

There are other things which design requirements must address that arc not
included in the manifold of regulatory and unilateral safety requirements. Fol
example, the manufacturer must be able to make cost-effective, reproducible parts
of some complexity that satisfy strength and weight criteria. The airlines
reqi.ire that cabin interiors be customizable to have the "right look" and be
cltjnable, durable, maintainable, and repairable.

3.1 Regulatory Requirements

In the United States, the Federal Aviation Regulations (FARs) govern the
certification and operation of aircraft. For the certification of new designs of
passenger airplanes, the applicable reaulations are in FAR PART 25, "Airworthiness
Standards: Transport Category Airplanes". The operation of airplanes by airlines
is covered in FAR PART 121, "Certification and Operations: Domestic, Flag, and
Supplemental Air Carriers, and Commercial Operators of Large Aircraft".

Historically, the regulations have been upgraded based on research and development
both industry and the FAA. This combined research and development effort is
benef cial because new technology needs to be built up on a solid foundation so
that both its benefits and drawbacks are understood. In other words, it needs to
be evolutionary rather than revolutionary.

The heat release rule for interior cabin liners was however developed a little bit
differently. When the rule was first proposed, the intent was to proceed this
way. But as time went on the driving forces became more and more non-technical.
The final rule requires that new technology be developed and implemented on a
fixed schedule. This has resulted in a considerable amount of chaos for both the
industry and the regulatory authorities. Many problems have arisen which provide
a considerable challenge to the manufacturers' commitments to meet thp -ardated
i 'ementation oates on schedule.

3.1.1 FAR PART 25: Certification of New Design

The first regulatory fire performance requirements covering the certification of
transport category aircraft in the United States was Civil Air Regulation 4b (CAR
4b), which was issued by the Civil Aeronautics Agency (CAA) in 1945. CAR 4b
required that cabin parts be subjected to a horizontal Bunsen burner test proce-
dure; there were no vertical Bunsen burner tests required for certification at
that time. The first jet transports (707, DC-8, "27, and DC-9) were certified to
CAR 4b.
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In 1965 the Department of Transportation (DOT) was created, and the CAA was
reorganized and made a part of the DOT as the Federal Aviation Administration
(FAA). Simultaneously, the existing CARs were reissued without change as FAR
PARTs. CAR 4b became FAR PART 25.

Subsequent amendments to FAR PART 25 have been issued that have imposed more and
more stringent flammability requirements on interior cabin furnishings. Of
particular note are:

Amendment Issue
Number Date Added Requirement

25-15 1967 12 sec vertical Bunsen burner test
25-32 1972 60 sec vertical Bunsen burner test
25-59 1984 Seat cushion fire blocking
25-61 1986 Ohio State Univ. heat release test
25-66 1988 NBS smoke release test

3.1.2 FAR PART 121: Certification of Existing Designs

New airplanes manufactured to existing, certified designs must only meet the
sections of FAR 25 that were in effect when the original design was certified.
For example, all current aircraft designs were certificated prior to inclusion of
the new heat release rule into FAR PART 25 and are not required to meet the rule's
limits. However, FAR PART 121 covers requirements airplanes must meet before the
airlines can operate the airplanes in passenger service. By changing FAR PART
121, the FAA can require that all airplanes operated by the airlines be modified
to meet a new requirement. The FAA changed PART 121 to require that all airplanes
delivered after August 20, 1988 meet the heat release rule, regardless of their
certification basis, before they could be used to carry passengers.

Since the FAA will not allow airlines to use an airplane that does not comply with
FAR 121, Boeing, Douglas, and AIRBUS must incorporate new FAR PART 121
requirements into their production airplanes before the airlines will buy them.
Although FAR PART 121 is not applicable to the manufacturer of airplanes, the
burden of modifying new airplanes almost always falls on the airframe
rwnufacturer.

FAR PART 121 amendments are issued and treated the same way as FAR 25 amendments.
Subsequent amendments to FAR PART 121 that are of particular note for cabin
interiors are:

Amendment Issue
Number Date Added Requirement

121-184 1987 Seat cushion fire blocking
121-189 1988 Ohio State Univ. heat release test
121-198 1990 NBS smoke release test

3.2 Unilateral Requirements

The criteria imposed by a manufacturer are often as important to the design
criteria for an airplane as the regulatory requirements. An example of this is
what was done for the 727, 737, 747, 757, and 767 programs at Boeing. Another
example is the set of ATS 1000.001 requirements imposed by AIRBUS Industrie on the
A300-600, A310, A20, A330, and A340 programs.

3.2.1 Criteria Used for the 727 and 737 Programs

Research done at Boeing in the early 1960s showed that a more stringent, and
preferred, flammability test involved positioning the test specimens vertically
instead of horizontally. In 1961, Boeing adopted an internal requirement that
parts used for commercial transports had to meet both the horizontal test required
by the FAA and an additional vertical flammability test. The 727 and 737 were
developed according to this requirement.

In 1966, the FAA released a Notice of Proposed Rule Making (NPRM) to incorporate a
vertical flammability test in the regulations, and issued a new rule (FAR PART 25
Amendment 15) doing so in 1967.

3.2.2 Criteria Used for the 747 Program

The AIA (principally Boeing, Douglas, and Lockheed) carried out a Crashworthiness
Program in 1967 and 1968. This program included large scale fire tests and the
evaluation of laboratory scale test procedures involving flammability, smoke
emission, flame spread rate, etc., and resulted in a set of recommendations to the
FAA for future rulemaking that involved a more stringent vertical Bunsen burner
flammability test.
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In the development of the 747 program, potential improvements that had been
identified in the AIA Crashworthiness Program were taken into account. The
upgraded Bunsen burner tests that had been recommended by the AIA to the FAA for
future rulemaking were required, and were in fact imposed by the FAA as Special
Conditions for 747 certification in 1969.

Other criteria involving flame spread, heat release, and smoke emission were
adopted, all of which exceeded the applicable regulations. Test procedures
included the ASTM E84 Steiner Tunnel procedure, and the ASTM E162 Radiant Panel
procedure. Acceptance criteria appropriate to the material application (sidewall
panels, ceiling panels, etc.) were established.

3.2.3 Criteria Used for the 757 and 767 Programs

In the early 1970s, the FAA initiated rulemaking activities involving smoke and
toxic gas emissions of interior parts. ANPRM 74-38 addressing toxic gas emissions
and NPRM 75-3 addressing smoke emissions were issued. In addition, NPRM 75-31
proposed to amend FAR 121 to require all new production aircraft to meet the
upgraded flammability tests introduced in FAR 25 Amendment 25-32 (1972), and
required prior to that for the 747 as special conditions.

Although the FAA subsequently withdrew these proposals in 1978 in favor of a more
systematic approach to upgrading the regulations (the SAFER committee was set up
to recommend how to do this), industry could not afford to wait to set unilateral
criteria addressing smoke, toxicity, and upgraded flammability.

Accordingly, in early 1977 Boeing established supplcientary unilateral guidelines
covering flammability, and the emission of smoke and toxic gases. These guide-
lines were used for the selection of parts in the 767 and 757 programs, which were
carried out more or less simultaneously.

The guidelines for smoke emission was Ds 50 (specific optical density 50),
as measured in the NBS smoke chamber. This number was selected because we thought
it was probably possible, and in fact was fairly low, relative to some parts that
had been used.

The guideline for flame travel rate was Is 25 (flame spread index 25) as
determined by the radiant panel test in ASTM E162. This number was also selected
for basically the same reasons.

The guideline for toxic gas emission was also based on the NBS smoke chamber. We
knew it would be better to run bioassay (i.e., animal) tests, but the number that
would have been required was hopelessly larger than anything practical. We
selected the six gases shown, and set the limits to be roughly what the available
literature led us to believe was approximately half the level of a 5-minute
incapacitating dose.

These criteria were intended to provide guidance for material suppliers in their
development of new materials for parts. The criteria were technology drivers,
because more materials than were then available were certainly needed.

The results of the suppliers' efforts were gratifying. While the guidelines were
not met in all cases, better materials became available for making parts. A lot
of progress was made.

3.2.4 D6-51377B Used for the 747-400

In January, 1984, Boeing issued a document -- D6-51377, "Aircraft Fireworthiness
Interior Design Criteria" -- which comprised a comprehensive set of interior fire-
worthiness criteria to be applied to a new design and to guide modifications of
current production aircraft. These criteria combincd the existing FAR regulations
with supplementary Boeing criteria.

The guidelines establshed in 1977 for the 757 and 767 were included in D6-51377.

in addition, D6-51377 contains unilateral requirements beyond the regulatory
mandates for:

o additional provisions for fire containment in cargo compartments
o fire barriers to inhibit fire from entering the passenger cabin for

scenarios involving post-crash fuel-fed exterior fires,
o fire barriers/baffles to inhibit the fire spread for scenarios involving

interior fires,
o shielding of possible ignition sources such as light ballasts from

potential combustibles,
o protection of electrical systems.

An updated version (Revision B) of this document was issued in 1986 and used for
the redesign of the 747 cabin for the 747-400. The major difference between these
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versions is the replacement of the initial smoke emission guidelines by a set of
component-to-component requirements.

3.2.5 AIRBUS ATS 1000.001

AIRBUS Industrie set up a set of criteria similar to the Boeing guidelines in
ATS 1000.001, which was released in January, 1979. It did not, however, contain a
Flame Spread Index criterion. Also, in addition to the unilateral criteria, ATS
1000.001 included a more detailed description of the mandatory Bunsen burner tests
in the regulations.

Whereas the Boeing guidelines had set a goal of Ds 50 for smoke emission for
any and all components, the ATS 1000.001 instead adopted the same component-to-
component requirements proposed by the FAA in NPRM 75-3, which were usually
higher.

The limits for toxic gas emission in ATS 1000.001 were for all practical purposes

the same as for the Boeing guidelines.

3.2.6 Douglas Aircraft Company Criteria

The Douglas Aircraft Company imposed smoke emission and toxic gas emission
criteria that varied depending on the application of materials. The Douglas
criteria, as with ATS 1000.001, do not include Flame Spread Index.

4. CURRENT AND FUTURE NEEDS

The new heat release (FAR 25-66 and FAR 121-198) rule is forcing a large number of
changes to be made in cabin interiors in a very short period of time. These
changes are not yet complete. There are still a lot of problems and non-optimum
solutions.

4.1 Thermosets

Historically, thermoset resins - particularly epoxy - became commercially
available in the 1960s and, reinforced with fiberglass, were quickly adopted for
use because of their weight-saving potential. Class dividers were one of the
first components to be constructed of these materials. The sidewall and ceiling
panels on the 747 were a sandwich panel construction consisting of fiberglass-
reinforced epoxy faces on Nomex honeycomb core, and weighed about half as much as
their predecessors on thc 707, 727, and 737, which were fabricated of formed
aluminum.

At present phenolics are being used extensively because they have low heat-release
and smoke-release characteristics. They do have, however, certain drawbacks, such
as:

o low peel strength
o bleed-through of brownish stains to decorative surfaces
o sensitivity of production workers to some formulations.

The low peel strengths have forced the use of bonding-enhancers to be added to the
base phenolic chemistry. These bonding aids cause an increased heat release and
smoke release, both of which are undesirable.

Bleed-through of brownish stains to decorative surfaces have caused production
difficulties. The problem is that the bleed-through is not uniform; if it were it
would be easier to handle. It causes blotches.

Most phenolic formulations have been used successfully in production with no
reported problems. However, there have been reports of adverse physical reactions
of some production workers to certain "specialized" phenolic formulations. This
has forced the removal of some of these specialized formulations from production
usage.

4.2 Thermoplastics

Thernoplastics have been used since the 1960s. Polyvinyl chloride was one of the
earll thermoplastics, although its use has been essentially discontinued because
of its relatively low thermal stability and high smoke emission. Polycarbonate
has found a lot of utility in thermally formed and injection molded parts but is
now less widely used also because of low thermal stability and high smoke
emission.

Materials manufacturers are working to develop replacement thermoplastics for
thermal forming and injection molding that satisfy the new heat release criteria.
Encouraging progress has been made, but frustrating problems such as consistency
of production material remain.
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In the early 1970s for the DC-10 and L-1011 programs, some of the cabin liner
panels were multiply contoured, which required the development and use of a pre-
decorated flexible thermoplastic "embossing resin" that could be stretched over
the contours of the panel, and then bonded. This technique was further developed
for the 757 and 767 programs, using embossing resins that had very good flamm-
ability and smoke emission properties. The A310 also used such techniques.

The embossing resins that had been used on these panels showed heat release values
that were very close to the new heat release rule limits, and therefore had to be
changed. The various materials suppliers have developed low heat release replace-
ment materials, but these invariably have smoke emissions that are two to three
times that of their predecessors!! Although these materials meet the new
regulatory smoke requirements in the final version of the heat release rule
(Ds 200), materials that do not represent higher smoke _-missions than those
formerly used are needed.

4.3 Textile Fibers

Textiles have been used for seat upholstery, drapery, decorative murals, and
decorative abrasion resistant coverings for cabin sidewalls and partitions near
the floor level. Traditionally wool and specialized polyesters have been the
materials of choice for textile applications. These fibers are available in an
unlimited palette of colors, are durable, and lightfast.

Seat upholster- and drapery are not affected by the new heat release rules.
Decorative murals and decorative abrasion resistant coverings for cabin liners and
partitions must comply with these requirements. Textile constructions that have
been used in the past in these applications do not meet the new requirements.

The textile industry has made progress by using more heat-resistant synthetics.
There is still a long way to go, however, and some ipecial talent needs to be
applied in this area.

5. CONCLUSIONS

The design of an airplane involves criteria that encompass regulatory require-
ments, manufacturer requirements, and passenger requirements. All these criteria
are important and must be taken into consideration simultaneously.

In the development of new technology to improve safety, it is crucial that
everyone involved work together. This includes manufacturers, materials
suppliers, airlines, regulators, governmental oversight committees, associations
representing affected parties such as passengers, pilots and flight attendants.
Only in this way can the optimum progress be made.
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DISCUSSION

R. RACKE
What is Boeing's opinion on the fact that relatively large

seat parts such as tables and armrests are excluded from the
heat release regulations whereas (lower) side wall panels which
are on the same level in the cabin are included.

AUTHOR'S REPLY:
Boeing does not design or manufacture passenger seats.

They are specified, and usually purchased, by the customer.
Boeing puts no requirements beyond the FAR's on seat parts such
as tray tables.
The FAA, according to FAATC personnel (MR Richard Hill), is
now setting up a program to look at this question.

A. WITTENBERG
1. Were the sidewall panels in B737 A/C involved in Man-

chester accident composed of aluminiun + PVC i Tedlar layers9
2. Would the above panels meet the 100/100 rule and 65/65

rule ?
3. It has been indica,c that during Manchester accident,

the plastic layers peeled off in layers. To what extent did
this increase fire spread?

4. Would the above phenomenom also occur with composite
structure?

A';THIOR'S REPLY:
1. The sidewalls were made of aluminium sheet with a thin

layer of Polyvinyl chloride/Tedlar for texture/decor purposes.
This design is no longer used at Boeing. The 737 being built
now have composite sandwich panels for sidewalls.

2. The panels would meet the 100/100 criteria. Test results
show heat release values close to the 65/65 criteria.

3. The texture/decor layer is thermoplastic, and when heated
will melt or soften. It is also under tension and 4zll shrink
when heated above its softening point. The adhesive holding
the layer to the panel will release when it is heated, so the
material will peel off if the panel is exposed to heat. We do
not know whether it caused any increase in flame spread rate.

4. The texture/decor layers used on some composite panels
have the same characteristics, except that the thermal conducti-
vity of these panels is lower, and the peeling behavior is less
pronounced unless the entire panel surface is subjected to the
heat at the same time. Other panels made of composite are pain-
ted. Paint shows less tendency to peel.
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FIRE HARDENING OF AN AIRCRAFT PASSENGER CABIN

by G J TRELOAt
British Aerospace (Commercial Aircraft) Ltd
Airlines Division
Woodford, Cheshire, England

ABSTRACT

The implicatione of fires to that part of a passenger aircraft comprising the fuselage
pressure shell are discussed, with particular reference to the passenger cabin and crew areas.

The history of materials utilisation is firstly reviewed, leading to an overview of the
current materials scenario, with particular reference to the use of combustible materials.

The particular materials related regulations, covering aspects of fire hardening appertaining
to baggage holds, passenger cabin furnishings, and seats, and the additional smoke and toxicity
tests introduced by constructors, are discussed.

Potential developments to fire harden the fuselage shell to resist an external fire, and
cabin furnishings improvements to provide increased fire hardening are exemplified. The interaction
between the design aims of the constructors, passenger acceptance, the requirements of the airlines
and fire safety are presented finally.
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I INrRODUCTION

In civil aviation hi3tory, we have progressed through three materials ages, all in the time
scale of less than a century. These ages may be defined sequentially as the wood age, the aluminium
age, and the composites age. Each period recognised the dominance of a particular material,
supported of course by the use of many other materials. The transition through the ages progressed
with the new materials competing with. and in due course selectively superseding, those materials
already in use. Thus their introduction was gradual, and the transition through the ages was
progressive, without precise date boundaries.

Each age produced aircraft with their own distinctive character, reflecting the materials
used, the design requirements and practices appertaining at the time, and the role of the aircraft
as a passenger carrier. It was a significant feature of each age that the trends in materials
usages apolied similarly to both the airframe and cabin furnishings. Thus aircraft constructed
mostly in wood contained furnishings mostly in wood. Aircraft constructed mostly in aluminium alloy
contained large quantities of aluminium alloy within the cabin for components such as floors,
bulkheads and galley units. With the advent of composites, initially of course on a selective basis
for structural applications in civil aircraft, these were also introduced extensively within the
cabin in place of metals as fibre reinforced composites, together with unreinforced thermoplastics.

Mow, coincidentally with the advent of the composites age, a new problem has emerged. An
unacceptable number of passengers have perished from aircraft fires, mostly when the aircraft were
on the ground. This problem is of course recognised by the airworthiness authorities and the
aircraft manufacturers. The travelling public are also aware of this situation, which has received
much publicity.
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2 REVIEW OF MATERIALS USAGE

A review is made of the materials usages over these three ages, in order to better understand
and have the correct perspective on the current situation. In the wood age, this typically
comprised the main structural material. However a number of other materials were of course used,
Including steel, aluminium, leather, and fabric based skin covering materials. Passenger aircraft
were small by modern standards, and they were much simpler than today, with less ancillary
equipment. They were perhaps more prone to structural or power plant problems, and accidents in
general. In that period, any public awareness was probably limited to the feeling that flying did
have an element of risk for the passenger. Aircraft fires as such were not thought of as a
particular problem, certainly not in comparison for instance with those experienced by airships.

The aluminium age arrived with the progressive introduction of aluminium alloys in place of
wood for aircraft structure. The use of aluminium alloy for fuselage skinning permitted the
introduction of pressurised passenger cabins, and a new generation of aircraft passenger jet and
turboorop aircraft was born.

As this age progressed, aluminium alloys were used increasingly for furnishing applications
such as floors, bulkheads, galley units, doors, and overhead bins. Frequently sandwich construction
was used, with aluminium alloy skins, and cores of either aluminium honeycomb, balsa wood, or PVC
foam. Panels were decorated typically with fabrIc reinforced PVC, or melamine laminates. The use
of timber was restricted mostly to trim pieces. The cabin sidewalls typically used PVC or polyester
glasscloth laminates, sometimes with trim materials. The cockpit was largely fabricated from
aluminium alloy, and most fluid containers and smaller components were typically of welded or
fabricated aluminium alloy construction. The use of non-metallic composites and thermoplastics was
relatively restricted. The fabrication methods suited the relatively low production quantities
implicit in passenger aircraft manufacture, and generally there was little incentive to change
materials or constructions. In summary, a typical passenger cabin representative of this age
contained a high percentage of non-combustible metallic materials, and relatively smaller quantities
of non-metallic materials such as composites, thermoplastics, wood, leather and fabrics, which could
generally be defined as combustible materials. The seats, however, did frequently utilise
polyurethane foam cushions which were highly combustible.

The historical evidence does support the opinion that in this era passenger cabin fires were
not a serious problem, in comparison to other service incidents and accidents. Aircraft were
generally smaller, and had lower seat densities. This factor combined with the materials selection
practices, probably resulted in the combustible materials being of insufficient quantity and so
distributed that they did not comprise a critical mass in the combustion process, nor generate
sufficient inflammable gases to cause flashover. Thus when a fire did start, it did not escalate in
the manner experienced In more recent fire situations.

The composites age had a false dawn with the use of radome constructions typically in glass
fibre with a polyester matrix resin. The main advance came with the introduction of composite
materials both for secondary structural components, and for constructions within the cabin. The
commitment by constructors to the use of composites and thermoplastics in interiors has, in recent
years, been progressive and extensive. the main driver for their introduction being weight saving.
Nowadays virtually all interior panelling both in monolithic and sandwich forms, air conditioning
ducting, and miscellaneous moulded items are constructed in composites. Thermoplastics are used in
unreinforced sheet forms for many cabin furnishing applications, and fibre reinforced variants are
used for mouldings such as passenger service units and grills. The passenger seat fittings, and in
some cases the seat frames, are increasingly using composites and thermoplastics.

When composite itens were first introduced they were fabricated using mostly polyester or
epoxy resins systems with a glass fibre reinforcement, and PVC was still used for unreinforced
moulded sheet applications. More recently, in order to meet new design and airworthiness
requirements, various material changes have been introduced, and the whole cabin furnishings
materials scenario has received close scrutiny by the materials suppliers, the aircraft
constructors, and the airworthiness authorities. Typical changes for improved flame, smoke and
toxicity (FST) performance and improved heat release characteristics, have been the use of phenolic
resin systems in place of epoxies and polyesters for the matrix system of fibre reinforced
composites: the use of polycarbonate in place of PVC for non-reinforced thermoplastic applications;
and more recently the use of polyethersulphone and polyetherimide non-reinforced thermoplastics in
place of polycarbonate where regulations on heat release necessitated a change. The use of
thermoplastic resin systems such as polyetheretherketone, polyphenylene sulphide, and polyetherimide
as the matrix systems for both long fibre and short fibre reinforced composite laminates and
motIdings is becoming more evident; the main driver again being their improved FST performance.

3 FIRE HARDENING

This document is concerned primarily with the subject of fire hardening; it is therefore
appropriate that this be defined.

Fire hardening is the creation of a material or structure with the ability to withstand the
effects of radiant heat or a direct flame source. This may be quantified by two main parameters:

i) resistance to combustion, and consequent heat release, smoke and toxic gas emission
characteristics over a measured time period.

ii) its resistance to degradation in terms of physical and mechanical properties, and
resistance to total disintegration o- melting.
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The combustion characteristics are typified by a number of features:

i) The speed with which the material is heated to a temperature at which combustion
byproducts such as smoke, toxic gases and volatiles are emitted, when it is subjected
to radiant heat or a direct flame source.

ii) The time to ignition when exposed to the above heat source.

iii) The ability of the material to support combustion on its own in various modes, ie
vertical, inclined or horizontal, when the heat source is removed.

iv) The quantity and nature of the toxic gases emitted by the material during combustion
under its continued exposure to the heat source.

v) The quantity and nature of any inflammable gases emitted during this process.

vI) The quantity of smoke emitted during this process.

vii) The quantity of heat emitted by the material and ita relationship with the time to
complete the combustion process.

The degradation characteristics are typified by features such as:

i) The distortion, and subsequent sagging, leading to the collapse and melting of the
material (a feature of unreinforced thermoplastlrs).

ii) The progressive strength reduction leading to the complete loss of mechanical
properties, except possibly for the bursting strength (a feature of fibre reinforced
thermosets and thermoplastics).

Iii) The ability to act as a fire barrier during and after the combustion process (a
feature of certain fibre reinforcements).

The creation of an effective fire hardened structure will require that some or all of the
constituent materials be fire hardened. This will depend upon the nature of the structure and the
disposition of the various materials within the structure.

4 REVIEW OF COMBUSTIBLE MATERIALS

In order to understand better the significance of materials selection on combustion
performance, a comparison has been made between an aitcraft constructed in the year 1960 in the
aluminium age, and one constructed in 1989, in the composites age, using materials appropriate to
each era.

It should be noted that a nominal weight reduction of 15% has been assumed, being directly
attributable to the replacement of metals by composites and thermoplastics.

Firstly, the weight of combustible materials within the pressure cabin, but including the
windows, was ascertained for an aircraft of around 70 seats, for both cases. This was then related
to the total weight of materials within the pressure cabin envelope.

Whereas in 1960 the weight of combustible materials was a nominal 710 kg, it had risen by the
year 1989 to 1310 kg, which represented an 84 percent weight increase. The percentage of
combustible materials related to the total weight of furnishings had increabZ4 over this period from
32 to 69 percent. These changes in materials usages are summarised in the foiluwing table.

YEAP 1960 1989

TOTAL WEIGHT OF FITTINGS 2230 1900
AND EQUIPMENT, INCLUDING
CABIN WINDOWS (KG)

REDUCTION IN TOTAL WEIGHT 15%

WEIGHT OF NON-COMBUSTIBLE 1520 590
MATERIALS (KG)

PERCENTAGE OF TOTAL WEIGHT 68% 31%

WEIGHT OF COMBUSTIBLE 710 1310
MATERIALS (KG)

PERCENTAGE OF TOTAL WEIGHT 32% 69%

INCREASE IN WEIGHT OF 600
COMBUSTIBLE MATERIALS (KG) -
FROM 1960 TO 1989

PERCENTAGE INCREASE 84%I _ _ _ _I __ _
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5 REVIEW OF RULE MAKING

With respect to fire hardening of materials and constructions, the rules already introduced
by the authorities may be summarised into the following categories.

i) Baggage holds
ii) Seat cushions
iiI) Toilet and galley waste containers and surrounds
iv) Flammability of materials
v) Heat release of cabin furnishing constructions

In addition to the airworthiness authorities rules, some aircraft constructors have
instituted their own aircraft type specification requirements. These are aimed at complementing
and strengthening the control exercised in materials selection for cabin interiors.

Typically these include:

i) Smoke Emission Tests
ii) Toxic Gas Emission Tests

It should be noted that the authorities plan to introduce smoke emission testing as a
mandatory regulation in 1990.

The implementation of these rules serves to control various aspects of the combustion
performance of materials and constructions within the fuselage pressure shell. Each regulation
defines a number of specific requirements. These are briefly discussed, and observations made on
the implications of their implementation on materials selection.

When creating constructions that meet these regulations, the designer must avoid becoming
blinkered by over-concentrating on FST performance. He must maintain a perspective, and ensure that
the component is properly engineered, typically in respect of its strength, stiffness, resistance to
impact, and durabilfty.

Baggage Holds

The materials selection process for baggage holds is primarily driven by the requirement to
provide a containment of a fire starting within the hold. However should the fire reach the walls
of the baggage hold, then degradation of the wall material could occur with the consequent emission
of smoke and toxic gases from the outer surfaces of the walls.

Should the baggage hold be positioned beneath the floor, then any possible threat from this
source may be minimal. However, should the hold be above the cabin floor, then a fire within the
hold could cause smoke and toxic gases to be emitted from the outer surfaces which may be more
likely to invade the passenger cabin. It is therefore advisable at the development stage to carry
out additional screening tests on proposed materials and constructions to monitor smoke and toxic

gas emissions to ensure that these are not excessive; and if necessary to modify the wall

construction or to change the selected materials to achieve an acceptable product.

Seat Cushions

The primary purpose of the regulation concerning passenger cabin seats is to minimise the
combustion of the cushion material when it is exposed to a flame source.

The basic problem with regard to materials selection is that the current generation of
polyurethane foams, which possess excellent characteristics as cushion materials combined with good
durability, normally have a totally unacceptable combustion performance. Conversely, foams with a
good combustion performance provide poor durability and comfort.

Certain foams suppliers have carried nut extensive research into suitable alternative
materials, and to date the evidence suggests that a layered construction using two different foams
may Provide a solution. Meanwhile a common current practice is to cover the cushion with a fire
blocking layer comprising a high temperature resistant fabric.

It is considered important to ensure that, in addition to meeting the regulations, the
combustion byproducts meet acceptable standards in terms of smoke and toxic gas emissions; and
development work on these matters is ongoing.

Flammability of Materials

Thip, the longest standing of the regulations, is a rule of man. parts. The basic tests,
utilising a bunsen burner flame applied to the specimen, are well understood.

Historically, the requirement to meet this test meant that, for some materials, manufacturers
may have modified the polymer or included rdditives to improve its flammability performance and
self-extinguishing characteristics.

This test provides a very useful and necessary screening of materials. It is still true that
the rate of combustion, measured by burn length, and the self-extinguishing characteristics, both of
the material and of any drippings, provide a good basic monitor of a material's combustion
performance. However, experience has shown that there are shortcomings to this test when done In
Isolation. A better overall measure of the combustion performance of a material may be achieved by
also monitoring other parameters such as smoke and toxic gas emission, and heat release performance;
and this is discussed later.
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Heat Release Performance

The purpose of this test, which is applicable to panelling within the passenger cabin, is to
control the quantity of heat emitted by a panel during the combustion process. The sample panel is
subjected to a radiant heat source and pilot flames, and the total and peak heat release are
monitored over defined time periods.

The implementation of the rule is in two planned stages. The first stage became mandatory in
2988, and the second stage, which has more stringent acceptance requirements, will be introduced in
1990. This rule recognises that improvements in materials technology do take time to bring to
fruition. The timings of its introduction must serve to accelerate the pace of new materials
development: and the material suppliers and the panel constructors are making considerable efforts
to create viable products to meet this new regulation.

Again, like other rules, the measurement of heat release should not be considered in
isolation, because this may be counterproductive. The manufacturers must be cautious when
formulating new products, and screening them in terms of their heat release performance, to ensure
that c suitable balance of combustion performance parameters is again maintained. The manufacturers
of the panel assemblies must also maintain a good liaison with the suppliers of all the constituent
materials, because each one may contribute to the overall heat release performance of the assembly,
which must itself meet the regulation.

Smoke Emission and Toxic Gas Emission

Smoke emission testing will first become an airworthiness authorities regulation in 1990,
when it will be applicable to the same panel categories as the heat release test. It is already a
British Aerospace self-imposed requirement, and it was first introduced on selected aircraft a
number of years ago.

Toxic gas emission testing has also been made a British Aerospace requirement for new
aircraft. The authorities have not announced any plans to make toxicity testing a mandatory
requirement, although they do fully support the initiatives taken by constructors to enforce
toxicity standards for furnishing materials.

The test methods used at BAe to measure both smoke and toxic gas emissions utilise typically
the National Bureau of Standards (NBS) smoke chamber. The test panel is subjected to a radiant heat
source, and measurements are taken at two predetermined time intervals. A problem experienced with
smoke and toxic gas testing concerns the power of the radiant heat source. Test work has shown that
levels of emissions can very significantly dependent on the radiant heat level, and judgements have
differed on this matter.

Toxic gas emission testing may be carried out by taking gas samples from the NBS chamber.
Typically, in the most common practical method, a preselected number of toxic gases are detected
using reagent tubes, which will definq the levels of these gases in a sample. An argumant against
tb4 s method is that a preselected standard list of gases to be monitored is specified. This
presupposes the types of toxic gases emitted by all polymers. The cabin furnishings utilise
materials comprising many fundamentally different polymers, which will generate a range of different
byproducts during the combustion process. Thus non-specified toxic gases would escape the net
thrown by the preselected reaCents, and their presence would remain undetected. However the major
toxicants would be normally detected, using the standard range of reagents.

This situation could be improved by carrying out a complete gas analysis using a mass
spectrometer, or by using ion chromatography or high performance liquid chromatography. We would
then be faced by a different probleD; having knowledge of all the combustion byproducts would mean
fixing an accepts-ice level for them all, then the whole task would perhaps become oo complex.
Another consideration is that this equipment is quite expensive, and many manufacturers do not
currently possess it.

In summary, it is considered that both smoke and toxicity testing do have a primary part to
play in the overall understanding of the FST performance of a material, and do provide an important
complementary function in conjunction with the tests previously discussed, in support of the aim to
prpduce safer aircraft interiors.

Resume

A problem experienced in attempting to meet a specific rule can be that the designer will
focus all his efforts to meet the rule. This will be done in conjunction with suppliers who will
develop materials with performance characteristics to meet his requirements. However, in creating
his design, he may become too restrictive in his thinking; and successfully meet the mandatory
regulations without giving due regard to all aspects of the FST perforince of the constituent
materials, and the engineering performance of the component.

The manufacture of most composite or plastic materials involves the blending of polymers, and
it is well understood that additives designed say to improve the resistance to combustion may cause
the smoke or toxic gas emission characteristics to be changed, possibly adversely. Thus the concept
that each material should be tested to screen for all aspects of its FST performance, in order that
an overall performance rating, sometimes referred to as a Combined Hazard Index, could be
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established, has received consideration. Ideally this could be refined by giving weightings to the
individual tests dependent on their importance, so that the material could be optimised, within of
course the limits of the polymers being blended. In practice, there would be considerable problem,
in weighting the separate tests, defining suitable design acceptance values and ascertaining their
meaning. In consequence this approach is generally not favoured.

6 DESIGN IMPROVEMENT PROPOSALS

The aircraft industry recognises, by studies of accidents involving fires, that initiatives
must be continued to obtain Improvements in fire hardening of the aircraft passenger cabin. The
material suppliers and the constructors both have a reasonable understanding of the materials being
used, and they are collaborating to drive materials development along the road of continuous
improvement in fire hardening of materials and constructions within the cabin.

The constructors must continue to tuke the Initiative, as some have done by introducing their
own smoke and toxicity testing requirements. Thin will call for Imaginative design and materials
selection proposals. A considerable research and development effort and expenditure will be
required to achieve these new standards, and It must be recognised that the time scales to realise
the more significant Improvements may be protracted. There will be the inevitable conflict between
requirements for fire hardening and other engineering matters, and the need for compromises must be
recognised in the achievement of progress.

It is Important to recognise that, as a general principle, materials and constructione are
selected and designed to meet specification requirements, and the primary driver for any change Is
the introduction of a new requirement. This may be initiated either by an amendment to the aircraft
type specification, or by an airworthiness authorities regulation. For instance, should fire
penetration resistance of the pressure shell be made an additional requirement, then this would
initiate development work leading to the selection of new materials end constructions to meet the
new requirement.

7 FIRE HARDENING OF THE PASSENGER CABIN

7.1 Overview

The fuselage pressure shell structure of a passenger aircraft is not currently subjected to
any specific airworthiness authority regulations with regard to fire hardening. There is evidence
that, in certain fire situations, the ability of the fuselage shell to act as a fire barrier for a
definitive time period would provide a significant contribution to fire safety in certain external
fire situations. There is also evidence that further improvements, in terms of fire hardening of
the constituent materials within the cockpit and the passenger cabin, would also make a major
contribution.

This exercise comprises the selection of certain structural and furnishings components, and
discussion of potential materials changes and design modifications which should provide Improved
fire hardening. The research and development work necessary to provide the technical support for
any change Is exemplified where relevant. The introduction of any proposal would obviously require
a study of all the engineering and economic aspects, both for aircraft in current production, and
for future aircraft design studies.

In order to assist the exercise and for discussion purposes, the passenger cabin has been
divided arbitrarily into a number of categories. These shall be defined as: the external pressure
shell, the cabin secondary envelope, the cabin furnishings, and the ancillary equipment.

The external pressure shell shall comprise the outer skin of the fuselage, between the front
and rear pressure bulkheads, and tho windows, doors and pressure seals in this shell.

The cabin secondary envelope shall comprise the thermal insulation materiale, cabin
sidewalls, floors, ceiling panels, window shades, and door linings.

The cabin furnishings comprise all the fixtures and fittings within the cabin, including the
seating, galley units and overhead baggage bins. They do of course include some of the constituents
of the secondary envelope.

The ancillary items include the passenger service units, air conditioning ducting,
instrumentation housings, wiring, and other components not visible within the cabin.

7.2 External Pressure Shell Improvements

The fuselage external pressure shell structure comprises typically an aluminium alloy skin,
bonded or fastened to frames and stringers. It contains windows typically manufactured in glass for
the cockpit transparencies, and acrylic for the passenger cabin windows. The primary weaknesses in
this structure in an external fire situation are the acrylic windows which would melt and burn, the
structural and furnishings adhesives which would degrade, the paint finiales and sealants which
would burn, and In extreme cases the skin which would melt.
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This typical situation offers scope for improvement by materials changes and design
modifications, but these would Involve compromises and problems. These matters are briefly
discussed in order that the nature and magnitude of the development work required may be
appreciated.

The aluminium alloy external skinning is vulnerable to an external fire, and could loose
strength and be subsequently burnt through in extreme circumstances. An Intumescent paint, which
expands and foams under the application of heat, spplied to the external skin surfaces could delay
the heating and consequent penetraton of the shell for an acceptable period of time. The use of
such a paint would require research and development into various commercially available materials,
to assess matters such as:

efficiency as a fire barrier
quality of surface finish
effect of psint on drag
adhesion to substrate
environmental ageing
suitability for overpainting and paint stripping
corrosion protection
inspection for cracks or corrosion
weight and coat

The acrylic cabin oindows are very vulnerable to an external fire, and they would ultimately
melt and burn. The interior protective window pane could also melt and burn. The use of
alcernative materials is technically feasible, and candidate materials for assessment would include
glass, glass/thermoplastic hybrid laminates, and alternative thermoplastics. The development work
would involve matters such as:

efficiency as a fire barrier
flame smoke and toxicity performance
optical performance and appearance
aerodynamic profile
static and fatigue testing
environmental ageing
scratch resistance/cleaning
weight and cost

The pressure seals may not be particularly effective in the case of an external fire. The

effect of the loss of door and window seals by burning on fire penetration into the cabin would need

to be assessed first, in order that the potential benefits from seal improvements could be
determined, and the cost effectiveness of any material or design changes defined.

Design changes to the build standard could also contribute to improved fire hardening. For

instance the fitment of an insulative Interfay between the skin and frames would delay the heatup of

the interior and its consequential eff-cts. Design proposals would require evaluation and
development testing.

In the longer term, the use of an alternative to an aluminlum alloy skin, such as a fibre

reinforced composite, or a hybrid composite/metallic lainated construction nay be proved to exhibit
an improved fire penetration resistance. However, this route would demand a high research and
development effort, which firstly would be required to establish the viability of these materials in

terms of the benefits achievable in structural efficiency.

7.3 Cabin Secondary Envelope Improvements

Within the fuselage shell are what may be described as secondary envelope materials and
constructions. These have their individual primary functions, such as to provide thermal and
acoustic insulation, to provide the cabin sidewalls, window shades, flooring, ceiling panels,
partitioning and baggage storage.

Many of these materials have a dual role to play in respect of fire hsrdening. In addition
to their potential contribution in providing an external fire barrier, should the external skin
shell be penetrated, they zlso have an important role as furnishng materials in respect of their
FST performances in the event of a fire initiating within the cabin or behind the furnishings.

Currently it is uncommon for materials to be selected and constructions to be designed as
fire barriers in addition to their normal role; although they would be selected to meet the flame,
smoke and toxicity requirements relevant to the aircraft. Typical weaknesses in respect of fire
penetration can be for instance that the insulation bagging would melt and burn, the insulation
would disintegrate, and thermoplastic items such as window shades, sidewalls, and other moulded
panels would melt and burn.

Let us consider potential improvements that could be considered to meet an external fire
situation. Take first the insulation bags; these are currently designed primarily to provide
thermal and acoustic insulation, and to be resistant to water ingress. Should fire penetration
resistance be made an additional requirement, then the research and development work might proceed
along the following lines. A bagging material, such as a PVF film
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containing an integral reinforcement such as a woven fabric utilising a fire resistant fibre,
possibly a ceramic, would be a candidate material for evaluation. Consideration would be given to
creating a continuous fire resistant membrane by stitching the bags together, and attaching the bags
to frames or to an Insulative Interfay between the frames and external skin. The use of fire
hardened foams would be evaluated for both thermal and acoustic performance.

The cabin windows are typically fitted with sliding shades. These could provide a valuable
contribution as a fire barrier should they be constructed in a fire resistant material. This might
be based on the sidewall panel technology developmentc discussed below.

The sidewall and dado panels could provide an important role as a secondary fire barrier. To
achieve this function they would need to stay retained in place, remain in one piece, and not be

punctured by a flame or radiant heat source. It these concepts were accepted as a requirement, then
the use of unreinforced thermoplastic sheeting would be effectively eliminated for these items. The
panel construction most likely to meet the above requirement would need to incorporate a fibre
reinforcement, such as a short fibre mat, or a woven fabric. A reasonable burn through resistance
may be achieved by the use of S glass, carbon, or ceramic fibre fabrics. The selection of suitable
matrix resins to be used in conjunction with the fibre reinforcement offers considerable scope for
research and devlopment. Thermosetting resin systems such as the modified phenolics and
bismaleimides are candidate materials; as are the thermoplastic resins such as PEI, PES, PPS and
PEEK. The panel construction, in both monolithic form and thin sandwich forms would be assessed,
and the final selection would obviously be influenced by Its overall performance, in addition to is
performance as a fire barrier.

The technology used for the sidewalls should have some applicability to other sandwich panel
constructions, such as the overhead bins, bulkheads and floor panels. The attachment of all the
items discussed above needs to receive consideration, because it would be essential, for the
preservation of a secondary fire barrier, that the various constructions were retained in place.
Thus all attachment devices, both visible and within sandwich panelling, would need to be fire
hardened to achieve this aim, and the use of all adhesives and adhesive tapes would need to be
critically reviewed.

7.4 Furnishing HaterIalG Improvements

The cabin furnishings shall be deemed to include all the constructions, fittings and
furnishing materials, such as galleys, overhead bins, bulkheads and doors, seating, carpeting and
furnishing fabrics.

A primary requirement for these items, and for the secondary envelope furnishing
constructions discussed earlier, is that they shall have a good performance in respect of
flammability, heat release, smoke and toxicity. This subject is already receiving close attention
b) the constructors, and extensive research and development work has already been carried out, and
is ongoing. Improvements in FST performance can be expected from two main sources; firstly by
product improvement driven by the material suppliers, and secondly by design policy on material
selection, construction methods, and furnishing decor.

Thermosetting matrix resins for fibre reinforced composites, in particular the phenolics and
bismaleimides, are undergoing continuous development, and some further improvements in both
mechanical and PST performance may be expected.

An increased use of thermoplastic matrix resins for fibre rein'orced composites may be
expected both for short fibre injection mouldinga, and long fibre laminating applications. These
realise a good FST performance combined with production benefits for some applications such as
injection mouldings. The decorative films are being urgently developed by the suppliers and some
further FST improvements may be expected. Development work is continuing on secondary adhesives for
purposes such as the attachment of decorative films, carpets and dado panels.

8 IMPROVEMENTS BY POLICY CHANGES

The proposals discussed are aimed at reallsing Improved fire hardening. However It is
probable that radical improvements in performance will only be achieved by radical changes in
design policy. The implementation of certain changes may require Initiatives from the airworthiness
authorities.

In general, improvements may be placed in two categories, namely:

i) materials and constructional changes which are not visible and would mostly not affect
the passenger

ii) furnishings and cosmetic changes which are visible, do affect the aesthetics of the
cabin, and may affect passenger comfort

f
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Whereas the first category would not require passenger acceptance, the implementation of the
latter category would do so, and would require their education to achieve this.

In the first category, there is considerable scope for design development Jork on
constructions to withstand an external fire. Within the cabin it is possible that any significant
further Improvements in FST performance may require the replacement of polymeric materials by
metals.

Within the second category, perhaps the greatest opportunity for improvement involves
minimising the luxury furnishings. The use and selection the carpets, furnishing fabrics, and
indeed the decorative films should be reviewed in this context. Further design changes which affect
tfe passenger may also be considered, such as the fitment of smaller overhead stowage compartments,
and the removal or reduction of cloakrooms.

Finally, airlines specification requirements can influence fire safety. The design of
aircraft interiors is influenced by operator requirements, and they in turn are guided by market
research on the preferences of the travelling public. The problem is that this sequence of events
can lead to more luxury, but it may be counterproductive to standards of fire safety.

The time may have come for a reassessment of this apparent contradition of aims. The
travelling public already accept the inconvenience of personal and baggage searches. They conform
to the various In-flight restrictions on smoking, the use of seat belts, and the various safety and
emergency procedures. Perhaps they may accept some loss of personal comfort, and the new concepts
in decor and aesthetics, once it is understood that these represent the new standards of fire safety
provided by a fire hardened pressure cabin.
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DISCUSSION

P. WEINBERG
Who should take the lead in providing fire protection

designs to the aircraft, the regulators, manufacturers or
operators

9

AUTHOR'S REPLY:
BAe are right now proceeding with Research and Development

work. There comes a point in time, generally at a stage when
BAe have some idea what materials or designs they could provide
when liaison must proceed between all parties concerned.

J. STEWART
It is agreed that fire blocking and fire hardening is

important and that new and better materials should be developed.
However, time will be required. Does this not imply that
passen~er protective measures, smokehoods and waterspray systems
must be introduced in the short term?

AUTHOR'S REPLY:
The installation of a sprinkler system would surely also

take time to develop to sufficient reliability.
Equally are not smokehoods also in the process of being
developed: which may not help a rapid decision.

D.A. PURSER
I am concerned with the use of the NBS smoke chamber to

measure toxic gas emissions, which is not recognised as a
toxicity test by the committee ISOTC92 SC3 which considers
toxicity tests. The problem is that the yield of toxic products
depends on fire conditions. In recently described accidents,
materials were subjected to high temperatures and heat fluxes
with oxygen vitiation. Have any comparisons been made of the
yields of toxic gases from the NBS smoke chamber and those
obtained in large scale aircraft fuselage fire tests?

AUTHOR'S REPLY:
BAe had not carried out any full scale fire tests. I

personally am not in possession of the results from these tests,
but toxicity measurements have been made.
Our approach would be to verify the heat flux in the NBS chamber
and study emissions. This has been done for smoke but I am not
sure about toxicity.

._. ._. ._.........
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FIRE RESISTANCE AND BREAKDOWN OF COMPOSITE MATERIALS

K. W. SMITH - Royal Air Force College
Cranwell, Lincolnshire, U.K.

I am Lecturer in Aerodynamics and Aircraft Design at the Royal Air Force College,
Cranwell. Some of my knowledge of modern materials is the result of holding this post;
however, my activities in this field are conducted independently. The views I put forward
are my own and do not necessarily reflect those of the Royal Air Force or U.K. Ministry
of Defence.

Before joining the staff at Cranwell I had some 30 years experience in industry - with
responsibilities in environmental, life support and emergency systems. I also worked in
cabin furnishings and became familiar with materials used.

INTRODUCTION

For some years I have been working privately on aspects of Cabin Fire Safety and
Passenger Protective Breathing Equipment, latterly with some financial assistance from
the Department of Trade and Industry.

When seeking heat resistant materials it became clear that some did not conform to the
new test procedures for cabin interiors effective August 1988 - yet they remain allowable
for structural purposes.

The first stage in materials selection is the rejection of unsuitable ones.

COMPOSITE MATERIALS

In this context I am primarily concerned with non metallic composites which are finding
.increasing use in furnishings and structures. All consist of fibrous elements to carry
tensile loads embedded in solidified resins which resist compression.

Fibres tend to be Glass, Carbon, Boron or Aramid while Resins are Polyester, Epoxy or
Phenolic, with developments in Polyimide, Bismaleimides and Polybenzimidazoles. Those
used currently in aircraft structurps are almost exclusively Carbon and Aramid in Epoxy
resins; for furnisnings, Glass or Aramid fibres and Phenolic resins only are now
acceptable.

VIRTUES

The selection of these depends on their mechanical properties and cost benefits. (Higher
material costs are more than offset by reduced labour costs in final assembly.)

The strength-to-weight ratio of Carbon/Epoxy is generally considered to reduce weight by
at least 10% wnen compared with metal structures, ana up to 25% if re-sizing of an
aircraft is admissible.

Many fasteners are eliminated by wet lay-up of skin and stringer combinations, so
improving exterior surface finish. This form of construction is also less subject to
leaks when used for integral fuel tanks and pressure cabins.

Unlike metals, the tensile fatigue properties of carbon fibres seem almost unlimited, the
compression fatigue of the resin matrix is believed to be the critical feature.

Epoxy resins are, to date, the only matrix compounds which have demonstrated repeatable
mechanical strength. They do not possess fire resistant characteristics adequate for
furnishings. Phenolics do, but manufacturing is more difficult while the finished product
is subject to wide variations of integrity due to gaseous voids etc.

Polyester resins have not found favour in commercial aircraft.

All of these resins solidify by non-reversible chemical reactions, some at room
temperature but more usually autoclaved at elevated temperatures. These are thermosets.

FUTURE TRENDS

Polyimidcs and Bismaleimides do not yet have the proven background needed for significant
use in aircraft structures; nevertheless they are considered "promising" for
non-structural applications.

Thermoplastics such as Polycarbonate, Polyethersulphone (PES) and lolyether-ether-ketone
(PEEK) are already used with short fibre strand re-inforcing and it may be anticipatcd
that, with time, long strand capability will be more fully developed.

PHILOSOPHY

In the light of the above knowledge, particularly awareness that carbon-epoxy and
aramid-epoxy combinations are those whose established mechanical properties led to their
selection for structural use, and that both epoxy and aramids have been rejected for
furnishing purposes, it was decided to examine more closely the properties of these and
other composites. Also, to determine whether appropriate specifications could be devised.

T ' ['
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PRELIMINARY EVALUATIONS

As an !ngineer -ith limited chemical expertise first considerations were qualitative
rather than qua.titative. These consisted of exposures to heat and flame:-

(i) 100C continuous
(ii) 200C 15 minutes

(iii) 1000 0C nominal 5 seconds, transient flame.

These are based on CAA Specification No. 20 for Breathing Apparatus, which has BSI and

FAA equivalents.

FINDINGS

Carbon Fibre Comoosite

Although no visible deterioration was found at 1000C it is known that UTS at this
temperature is only about 20% of its 200C value.

Aramids (Polyamide)

Not tested independently since they require a resin matrix exactly as CFC. It is known,
however, that they are no longer considered suitable for furnishings regardless of the
matrix used.

Polyimides

Pass 100 ° C and 200° C. Performance (in film state) at 1000*C depeids on thickness and
manufacturer. One product was penetrated immediately, material directly in the flame
vaporised with char around. Two grades from another source were tested; one behaved as
above for all thicknesses available, the other showed only slight distortion without
penetration provided adequate thickness was used; 40 micrometres sufficed.

Polycarbonate

Softened to a thermoformable state at 2000 C, vaporised at 1000*C.

Polyethersulphone

Satisfactory at 200°C, distorted and embrittled at 1000*C.

Polyether-ether-ketone

Not tested, but known properties are:

Glass transition temperature 143*C
Melting point 332°C
Considered structurally satisfactory to 100C

FURTHER TESTS

Epoxy Resins

Additional testing of carbon-epoxy laminates has been undertaken. Hot air at 350'C was
directed onto a cured panel and it was found that the resin initially disbonded, then
broke down. Gaseous products are produced.

Phenolic Resins

Phenolics exhibit superior resistance to heat; nevertheless they char readily to produce
a surface layer of porous carbon. The carbon then slowly burns away, protecting inner
layers by ablation.

TEST REQUIREMENTS - CURRENT

There are at present no specific burn tests required to be performed on structural
materials; provided that they meet strength needs throughout the normal operating
environments of BCARs/FARs/JARs etc. they are accepted.

In the writer's view a suitable test schedule can be created by combining details from a
group of existing specifications relating to fire resistance.

In essence, materials used for cabin furnishings must be self-extinguishing and lose not
more than a specific proportion of their weight when exposed to radiant heat for a finite
time, (CAA and FAA). Airbus Industrie has maximum allowable emissions of specific toxins
under essentially similar conditions.

For certain non-aircraft products emissions are also controlled, there being two methods
of conducting the tests:

(i) exposed to gas flame in a chamber from which samples are extracted after the flame
is extinguished (BSI, Airbus et alia)

__________________________________
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(ii) electrically heated sample in a crucible enclosed within a tube through which air is

passed. Samples taken at exit. (German DIN method)

TEST REQUIREMENTS - PROPOSALS

Objectives - Minimum standards for Passenger Compartments.

1. To establish that, if flammable, materials do not contribute significantly to the
fire hazard.

2. In the combustion process toxic gases should not be emitted, If they are, then the
types and quantities should be identified. (Failure to acknowledge this
consideration justifies provision of breathing equipment for all occupants.)

3. Structures should afford a measure of fire containment or exclusion. For example an
integral domestic garage must, in UK, be separated from residential accommodation by
doors, walls, ceilings having minimum 1 hour fire check capability. (In the
Manchester Boeing 737 accident, external fire penetrated the fuselage in a matter of
minutes.)

4. An agreed mimimum residual static strength to remain after a timed exposure to

radiant heat.

TESTS

All materials considered for use in the construction of Passenger Compartments should
demonstrate adequate compliance with the above objectives.

1. -sing an agrecd test procedure (either the DIN or similar smoke chamber method)
conduct sampling tests on emissions. The chemical composition of the material will
indicate what harmful gases may be anticipated.

2. The sample to be weighed before and after the above test and percentage weight loss
determined to demonstrate compliance with an agreed standard.

3. Heat transfer/fire check capability to be proven. Sample subjected to radiant heat
exposure at an agreed intensity, inner surface temperature not to exceed (say) 2000 C
or be breached in less than 10 minutes.

4. At the end of 10 minutes exposure to the above radiant heat intensity the structure
should be able to stand intact at rest, on the ground.

These suggestions are made in the light of past accident experience. Two aircraft are
currently flying with composite-built pressured cabins - the AV8B/Harrier II and Beech
Starship. Neither is intended for carriage of fare-paying passengers but their experience
in service will doubtless be used to justify use of these same materials in future
airliners.

The benefits offered by CFC and other composites justify their use. Other materials have
been used for other applications and have subsequently been banned when their dangers
became established. Aviation has led many technological advances in the past; let us
ensure that it continues to make progress safely.

* **,;
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DISCUSSION

G.J. TRELOAR.
You indicated some limitations in the mechanical properties

of phenolic resins. Our evidence is that for furnishings they
can be used as a direct replacement.
Could you comment on this.

AUTHOR'S REPLY.
I agree. All the evidence is that phenolics can be used

in furnishings. These are not primary structure and it is in
this area that phenolics are acceptable for the reasons that
I gave.
Variable strength due to gaseous voids which are said to occur
unpredictably may be adequate for low stressed furnishing panels.
But the ultimate factor (1.4) proposed for EFA composite
structure does not leave enough room for error in calculated
loads.

J.C. RIPOLL.
You proposed a rig test to validate mathematical

modelisation. What is in your opinion the size of such a rig?

AUTHOR's REPLY:
Specimen size - 600mm x 600mm.

"Cell unit" - not less than 600mm. Probably not more than Im.
The 600mm x 600mm size conforms to the current FAA dimensions
for comparative burn-through samples of composite and aluminium
equivalent structural parts.
This would not validate math. modelling, it would give
information about materials behaviour which modelling cannot
supply.
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Advanced Materials for Interior and Equipment

Related to Fire Safety in Aviation

by

Dipl. Ing. Hans-Dieter Berg
Non-Metallic Materials and Processes

Development for interior and Equipment

Messerschmitt-B61kow-Blohm GmbH
HUnefeldstraBe 1-5

2800 Bremen I

Federal Republik of Germany

1. SUMMARY

The improvement of the safety of products is continuously under review by
aircraft manufacturers. One of the most important fields of safety for passengers

and crew members relates to improvements in connection with fires inside and outside

the cabin. Naturally, several paths have to be followed simultaneously to achieve

the best possible effect. First and foremost there is obviously the endeavour to

avoid such accidents from the start. The training of the crew, design of the
aircraft and maintenance, airport safety facilities and - last not least - the

introduction of improved materials are of vital importance to reduce the danger of

accidents with fires.

This presentation deals with the important aspect of material development and

structural design for the interior furnishings and equipment of aircraft.

2. REGULATIONS AND REQUIREMENTS

2.1 FAA Regulations

The Federal Air Regulations (FAR's) define the certification and operation

regulations.

PAR Part 25 "Airworthiness Standards: Transport Category Airplanes" applies for
the certification of new passenger aircraft. The operation of aircraft by airlines

is covered by FAR Part 121 "Certification and Operatiors: Domestic, Flag and

Supplemental Air Carriers, and Commercial Operators of Large Aircraft".

In 1966 the FAA published its first "Notice of Proposed Rule Making" (NPRM) for

the introduction of a vertical flammability test. The new rule (FAR Part 25,
Amendment 15) was published in 1967. Further am6;dments affecting the cabin and
cargo compartments followed later.

'.4 ''-
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Issue date Amendment Requirement

1967 25 - 15 12 sec vertical Bunsen burner test
1972 25 - 32 60 sec vertical Bunsen burner test
1984 25 - 59 Seat cushion fire blocking test

1986 25 - 61 Ohio State University heat release test
1986 25 - 60 Cargo liner fire containment test

1988 25 - 66 NBS smoke release test

Similarly, the FAA published the FAR Part 121 Amendments concerning aircraft being

manufactured.

Date of Validity Amendment Requirements

1986 121 - 189 Ohio State University heat release test

1987 121 - 184 Seat cushion fire blocking test

1990 121 - 198 NBS smoke release test

2.2 Manufacturer Requirements

In 1979 an additional requirement for materials and parts of the interior and

equipment, the so-called ATS 1000.001 was introduced by Airbus Industrie/MBB.

This requirement which became mandatory for all Airbus aircraft limited the

emission of smoke and toxic gases for all non-metallic materials used in the

pressurized fuselage in addition to the FAR 25 - 32 flaiwnability requirement valid
at the time.

Six gases were named which are known to occur in the smoke gas of the materials

commonly used:

- carbon monoxide CO

- hydrogen cyanide HCN

- hydrogen chloride HCl
- hydrogen fluoride HF

- sulphur dioxide so2 + H2S

- nitrogen oxides NO + NO2

The following table gives the allowable limit values for the most important

parts of the interior and equipment as valid at present. These values are measured

in the NBS chamber.

Gas Limits

- hydrogen fluoride (HF) : 50 ppm after 1,5 min and 4 min

- hydrogen chloride (HC) : 50 ppm after 1,5 min and 500 ppm after 4 min.
- hydrogen cyanid (HCN) : 100 ppm after 1,5 min and 150 ppm after 4 min.

- aulphur dioxide (So2+H2S) : 50 ppm after 1,5 min and 100 ppm after 4 min.
- carbon monoxide (CO) : 3000 ppm after 1,5 min and 3500 ppm after 4 min.

- nitrous gases (NO+NO2) : 50 ppm after 1,5 min and 100 ppm after 4 min.
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Smoke Limits
D s  D s

parts after 90 sec. after 4 minutes

textiles 100

floor covering

draperies

upholstery

air ducting -- 100

insulation -- 100

major panels 100 200

ceiling panels

wall panels

sidewalls

stowage compartments

partitions

Following the publication of Amendment 25 - 66 / 121 - 189, the revision of

ATS 1000.001, issue 4 has now got under way, the most important change being a

further reduction in smoke gas emission for the major panels of the cabin. The

revised version, issue 5, is to be published immediately.

Boeing and McDonnel Douglas have introduced similar in-house requirements.

Boeing: D6 - 51377 Smoke and Toxicity

McDomnel Douglas: DMS 1500 Smoke
DMS 2294 Toxicity

Apart from a few exceptions, the standards of all these requirements are

comparable, going beyond the stringency of the existing regulations of the

authorities in terms of the smoke emission requirements.

3. HISTORY OF MATERIAL DEVELOPMENT OF AIRBUS AIRCRAFT WITH REFERENCE TO THE

REGULATIONS AND ATS 1000.001

The materials mainly used for the interior of the Airbus A300 (1974) were epoxy

glass sandwiches, ADS, polycarbonates and PVC. On introduction of the ATS 1000.001

the ABS and PVC parts were eliminated and replaced by polycarbonate parts and

phenolic glass sandwiches. Above all, the smoke intensive epoxy resin was replaced
by phenolic resin which produces little smoke. The Airbus (A310 - 1981) corresponded

to this standard.

Following the publication of Amendment 25 - 61 / 121 - 189, it was primarily

necessary to replace the polycarbonate injection moulding parts used for large

surfaces in the passenger service units by thermoplastic materials with low heat

release characteristics. Polyetherimide (PEI) and polyethersulphone (PES) were

introduced to meet the requirements 100/100 kW/m 2 and kW min/m 2 . It was possible to
process these materials in the same injection moulds after minor changes. The
problem of higher shrinkage due to the approx. 50 to 100 *C higher processing

temperature was controlled by up to 10 % short glass fiber contents.tI
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Normally, sich injection moulding parts are dyed directly. However, there are
considerable problems of colour constancy with fiber glass reinforced parts and it
is also hardly possible to achieve an acceptable colour equivalence between PEI and
PES parts. This has meant that such parts have had to be provided with a paint
coating which gives rise to extra costs and weight.

Another aspect which is unsatisfactory is the high brittleness especially of
highly pigmented light colourings. The natural amber colour is particularly
problematic in this connection. Considerable efforts were required to adjust the
decorative surface systems -encompassing decorative varnishes, decorative foils and
decorative textiles - to the new Heat Release Requirement (100/100). In all three
cases totally new products had to be developed and qualified within a very short
period in order to be able to deliver on August 20th 1988 aircraft meeting the
values 100/100 kW/m2 and kW min/m2 in compliance with Amendment 25 - 61 / 121 - 189.

In the case of the varnishes, it has been possible to decrease the heat release
(peak) to the order of 80 kW/m2 by developing a new filler which has a blocking

effect and by reducing and further limiting the polymer layer thicknesses. The
integral values are in the order of up to 80 kW min/m2 .

As regards the decorative foils which consist of two Tedlar foils (PVF),
intermediate embossing resin (structure and colouring) as well as a layer of
adhesive, it has been possible to reduce the heat release sufficiently by means of

new Tedlar foils with reduced heat release, new flame-inhibiting embossing resin and
new adhesives. However, an increase in smoke emission had to be accepted.

The situation with decorative textiles for wall coverings is unsatisfactory.
MBB currently has a qualified product on PBI basis which, when applied to phenolic

glass sandwich material, is only minimally under the 100/100 limit therefore
providing insufficient tolerance and constantly causing problems in production.

4. MATERIALS FOR COMPLIANCE WITH AMENDMENT 25 - 66/ 121 - 198

Now, what is the situation as regards compliance with the second stage of the
Heat Release Rule, Amendment 25 - 66 / 121 - 198 with the values 65/65 kW/m2 and
kW min/m2 (peak and 2 minutes total heat release)? We are currently in the course
of development and qualification of materials for this stage. In order to be able to
deliver aircraft on 20th August 1990 which meet these regulations the materials will
have to be defined by the middle of this year.

Phenolic glass sandwich material with a Nomex honeycomb will remain the basis
for major panels (sidewalls, partitions, ceilings, hatrack doors and walls for
qalleys and toilets).

New generations of decorative foils, paint systems and textiles will be used to

decorate these panels.
Decorative foils from various suppliers - resulting fiom the first stage of the

Heat Release Rule - are being qualified.

As regards Airbus components which are provided with decorative varnishes, a
new spray filler and a new top coat of a supplier are currently at the qualification

stage.
Both these decorative systems (foil and varnish) will make it possible to meet

the 65/65 requirements in future.
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As far as textile decorations are concerned, only the wall coverings are

affected by the Heat Release Rule. There are no adequately developed textiles for

fulfillment of the 65165 requirement today. Core spun yarns which are undergoing

investigation offer a certain potential. Some of the most important are listed

below:

- polyamidimid

- polyetherimid

- polyamid

- polyester, FR

- polybenzimidazole

- wool, FR

These textiles are governed not only by the Heat Release Rule but also the

relevant smoke emission (NBS), toxic fume emission (NBS) and flammability test

(Bunsen burner) requirements, which is a particular challenge if color fastness,

cleanability, abrasion and corrosion resistance are to be kept within specified

limits.
Qualification activities for thermoplastic injection moulding parts of the

passenger service units are focussed on polyetherimides (PEI) for the time being.
However, for some dyes there are certain problems in obtaining an adequate safety

margin for the 65/65 heat release values. It may prove necessary to stop dying

these parts and to coat them with varnishes instead. Besides the use of PEI, second

source development work also encompasses investigations into the use of modified

polyethersulfone (PES) and polyphenylsulfone (PPSU).

The use of these materials partly results in considerable additional

expenditure due to the need to provide completely new injection moulds.

5. FUTURE DEVELOPMENTS

As already indicated, current development and qualification activities do not

provide satisfactory solutions for fulfillment of the Heat Release Rule for 1990 in

every case. This will be the major task for materials development engineers and

aircraft producers in the immediate future. The most important activities will have

to be in the following areas:

- availability of a'thermoplastic injection moulding material for the PSU's with

better dying characteristics, less brittleness, lower solvent sensitivity and
good processability, as well as low heat release values. HR< 55/55

- development of decorative foils with smoke emissioz. values of less than

Ds = 100.

- availability of a textile wall covering material with heat release values of

less than HR< 55/55 in an applied condition on phenolic resin sandwich

components.

In addition, important activities for the further development of materials for

equipment and furnishings will focus on the following areas.
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In order to reduce weight and cost, milled aluminium parts and aluminium
castings will increasingly be replaced by short fiber reinforced thermoplastic

injection moulding parts for interior equipment and furnishings. Polyetherimides
(PEI) and polyetheretherketone (PEEK) with short glass and carbon fiber

reinforcement (up to 30%) are primarily used. In some cases, weight savings of up to

50% are possible and at small quantities per aircraft considerable cost savings are

possible - especially by comparison with milled aluminium parts.
Intensive development activities are under way in the field of fabric-

reinforced thermoplastics at many of the major manufacturers and processors of

thermoplastic materials. This group of materials is entering into competition with

the fabric-reinforced phenolic resin systems widely used today. At the present

f.tage, aircraft manufacturers see no essential technical requirement making the use

of this new group of materials compulsory on the short term. Even the latest

regulations regarding fire-safety can be met with today's phenolic resin systems.
However, modern fiber-reinforced thermoplastics may possibly offer a cost reduction

potential making the partial use of such materials in the interior and for equipment

attractive. Such potential cost advantages will, however, have to be demonstrated

first. The potential relates to:

- the low cycle times
- better surface quality and thus reduced decoration effort
- possibility of producing integral components by welding
- possibility of deep drawing and pressing processes.

The major disadvantages at present are the two to three times higher material costs

than phenolic resin semi-finished products.

As far as plane sandwich structures in the cargo hold and passenger compartment

are concerned, it is fair to assume that there will be suppliers of continuously

produced sandwich panels with fabric-reinforced thermoplastic materials in the near

future. These could certainly compete with fabric-reinforced phenolic resin

sandwich panels.

6. CONCLUSION

Working towards on improvement in the safety of passengers in commercial

aircraft, it is not really possible to achieve a target. Constant efforts must be
made to protect the health and safety of passengers in the event of an accident

which can never be completely ruled out. It is therefore always only possible to

reach intermediate targets.

It is the responsibility of the aircraft manufacturers, material developers and

suppliers, certification authorities, airlines, aircraft crews, airports and
further organizations to jointly work towards this end. There can be no standstill.

7
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DISCUSSION 

3

H. FAVAND

Est-ce que le crit~re Ds (densit6 de fum6e) 150 au bout
de 4 minutes (ATS.IO00 issue 5 A paraitre) esr applicable A
tous les mat6riaux , et abandonne-t-on le crit6re 100 au textiles
au bout de 90 secondes?

AUTHOR's REPLY :
We eliminated the 11 min requirement to get closer to the

FAA and other aircraft manufacturers' regulations. If you reduce
the 4 min values low enough, you have the same effect as that
given by a 11 min requirement.

J.S.S. STEWART

Do you think that the smoke emission test provides adequate
protection for passengers? Would qualitative tests on the smoke
be helpfull? Also, do you think that the four minute time frame
is adequate since the Manchester accident evidence is that one
passenger was pulled out of the cabin at six minutes and made
a complete recovery, and that another passenger, who was pulled
out at 30 minutes, lived for five days.

AUTHOR's REPLY:
The smoke emission is an important criterion for materials

in the cabin of aircraft. So we have to test and to limit the
smoke emission. Important for a laboratory testmethod is that
it gives the same ranking for the materials as the full scale
tests. It is no question that we need more information obout
the smoke emission of different materials in full sL-ale tests,
and about the time the smoke is generated. May be rlit such
information forces us to change the 4 minutes test c.,s.

U.G. WARGENAU
From an airline point of view, it is not acceptable that

a damage of a decor film cannot be repaired by bonding another
layer on top; at least in the maintenance. I think this is a
matter of I/ specifying a H1R/HIRR value below 50 for the origindl
build-up and 2/ use the appropriate adhesive.

R. RACKE
Has Airbus prepared refurbishing instructions for painted

thermoplastic parts: putting additional pcint layers on top
of existing ones will increase heat release rates.

AUTHOR's REPLY ON BOTH QUESTIONS:

Damage of a dc.orfilm on a limited surface can be repaired
by using your standard method because small surfaces can be
excepted from the rule. We admit that refurbishing of a complete
panel will be more difficult in future because we are afraid
that we will not be significant below the 65 limit with our
production panels (decoated) in all cases. Therefore a
deapplication of the old decorfilm will be necessary.
A chemical deapplication process has been developped and is
actually tested at our Aircraft Service Center in Lemwerder.
We will keep you informed about the progress. In addition we
are forcing our supplies for decorative laminates to invest
some efforts in developping practicable repair solutions.

J
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NEV HATERIALS FOR CIVIL AIRCRAFT FURNISHING

N.J. FRUSTIE, Inglnieur watfrlaux C. KURAS, Ing6nieur Laboratoire
Afrospatlale 316 Route de Bayonne Airospatiale, 12 rue Pasteur
31060 Toulouse Cedex 03 France 92152 B.P. 76 Suresnes France

SUMMARY

In order to improve aircraft safety with respect to fire, in the last few years the authorities have
issued several regulations relative to the fire resistance of organic materials used in civil aircraft
commercial furnishing, in particular FAR 25 Amendment 61 and FAR 121 Amendment 189. Their purpose is to
to limit the heat release of the materials used for passenger cabin furnishing.

These regulations to be applied on aircraft delivered as soon as August 88 are very severe as they
prohibit the use of most of the materials which have been used up to now.

The purpose of this paper is to present the various investigations on new materials made at Agrospa-
tiale together with the development of new technologies.

INTRODUCTION

In order to improve aircraft safety with respect to fire, in the last few years the authorities
have issued several regulations relative to the fire resistance of organic materials used in civil
aircraft cemmercial furnishing, in particular FAR 25 Amendment 61, FAR 121 Amendment 189; their purpose
is to limit the heat release of the materials used for passenger cabin furnishing.

These criteria imposed are extremely severe as they prohibit the use of most of the materials which
have been used up to now such as ABS, PVC, PC, Aramid, Prepregs.

Hanufacturers and material suppliers are faced with a real challenge to develop new materials and
launch them in series production in a very short period of time In order to meet the regulations.

The purpose of this paper is to present the various Investigations on new materials made at Afirospa-
tiale together with the development of new technologies in order to improve the level of safety
board aircraft constantly.

2. THE NEU REGULATION

The new regulation consists in testing the samples representative of the various commercial
furnishing panels with their decoration by subjecting them to the old tests to which new tests have been
added.

FAR 25 Amendment 32 Bunsen Burner Test
(burnt length - extinguishing time)

FAR 25 Amendment 61 OSU Chamber Test : HR heat release and HRR Heat release rate

FAR 25 Amendment 66 NSB Chamber Test
(Opacity of stoke after 4 min.)

The test causing the greates number of constraints and which is the most difficult to conduct is
the one in the OSU chamber because todate very few laboratories are equipped with OSU chambers and the
regulation is still not precise as regards the adjustment parameters to be respected and the procedures
for validating this test.

3. HATERIALS REOOKHfE ,ED BY THE FAA

To meet this new regulation the FAA propose to use the fibre glass/phenolic resin prepreg lay up.
The FAA base their proposal on the results of full scale tests which were performed on a C 133 whicn
showed that when fibre glass/phenolic resin was used the flash over occurred after 240 sec., whereas
with the other industrial materials tested it occurred earlier.

Aerospatiale are very familiar with the fibre glass/phenolic resin prepreg lay up technology
since it has been used in their workshops for more than 20 years. Concorde was already equipped with
panels produced using fibre glass/phenolic resin prepregs; this means that AOrospatiale know the
advantages and disavantages of this solution well.
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Advantages Disadvantages

- Provides good safety as regards risks - tack still badly controlled which
of fire makes lay up more or less difficult

- good mechanical characteristics in - limited shelf life
particular good stiffness - storage in cold chamber

- cheap prepreg - high density (d - 2.5)
- long implementation which is thus expensive
although operations have been automatized

- safety and health problems due to the free
phenols released.

4. AEROSPATIALE OBJECTIVES

Considering the short time we had to meet the criteria imposes we have to fixe the objectives

- to keep the same design so as to use the existing tools
- not to increase weight

The materials implemented today correspond to these objectives and are provided in pars 5.

In the future, we intend to :

- change the design to reduce manufacturing costs
- work with materials that are more flexible to implement
- continue improvements as regards safety with respect to fire

Investigations have been initiated at Aerospatiale and are provided in pars 6.

5. NEW MATERIALS IMPLEMENTED AT AEROSPATIALE TO MEET THE LATEST REGULATIONS

(without changing the design).

5.1. Thermo setting prepreg lay up

Most of our furnishings are produced by laying up thermosetting prepregs. The idea of creating
a carbon fibre glass/phenolic resin hybrid was born when analysing the carbon fibre/phenolic
resin prepreg heat release which is just below that of the fibre glass/phenolic resin prepreg.

The hybrid we are using at the present time is made up of :

* 33 % of carbon fibre which gives it very good stiffness; the carbon fiber used
is a large mesh material.

• 66 % of textured fibre glass which is thus light, to complete the weave and achieve
relative sealing.
i impregnation of modified phenolic resin.

With respect to the fibre glass/phenolic resin prepregs

the weight saving is about 30 %, i.e. 8 kg for an Airbus A320 cockpit lining
the behaviour to respect to fire is similar
the mechanical characteristics are not absolutely equivalent but the presence
of carbon provides good stiffness which is determining factor for furnishing

implementation is easier as a result of better lay up possibilities and better
surface appearance.

5.2. PES plate thermo setting

A certain number ot components were produced by thermo setting polycarbonate plate.

When the new regulation appeared we had to chose thermoplastics which were not thermostable
such as polyetherimid (P.E.I.) or polyethersulfone (P.E.S.).

The first product available on the market was ULTEN 1613 produced by G.E., but this material
did not allow light shades and the desired texture to be obtained easily. This is why we chose
a P.E.S. thermoplastic : Europlix Ultrason E produced by a german company, Rhom, on the basis of
B.A.S.F. raw material, and which has recently changed to Europlex Ultrason EQ7 in order to
guarantee the heat release 65/65 criteria required in the official regulation.

Although implementation of these thermoplastic plates is more complex than that of the
polycarbonate plates, it requires high thermo setting temperatures and differential heating
temperatures which have to be optimized according to the shape of the part, but it has baen
possible to keep the existing tools.
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6. DEVELOPMENTS OF NEW TECINOLOGIES AND NEW MATERIALS

Aerospatiale is looking towards new technologies to reduce production costs, use materials that are
more flexible to implement, and improve safety.

6.1. Reinforced thermoplastic stamping (without flow)

This process is similar to die forging for metallic materials; it is performed in three stages

(1) a laminate is made up with a certain number of plies determined when the part
is designed

(2) the laminate is pre-heated

(3) it is stamped using a cold mould made up of a metal upper die and bottom die
on a conventional press.

To apply this process, Airospatiale has acquired a -bay- which pre-heats the laminate and prevents
the laminate from cooling between operation (2) and operation (3).

The pressures exerted are about 2 to 5 Hpa. A~rospatiale has worked with different types of P.E.I.,
P.E.S. and P.P.S base materials and different reinforcements : fiberglass, carbon/fibreglass hybrid,
with conventional weaves and deformable weaves.

This technology is perfectly well suited to constant thickness developable shapes and small or
medium size parts.

As the resin is thermoplastic, no curing is required; storage duration is unlimited at ambient
temperature, and the resin only has to be softened before use.

Implementation costs are 30 to 50 % less according to the parts.

6.2. Powder impregnated phenolic thermo setting composite stamping :

Phenolics for their parts, are evolving. We are using a stamping process for powder phenolic
impregnated carbon-fibreglass hybrid plates. This method eliminates the problems caused by thickness
and the presence of volatile contents.

The shaping is performed on a semi-finished product which is a rigid sheet, stored at ambient
temperature.

The technology can be used for the same type of part as the one described in 6.1. Its implementation
involves more constraints as a hot mould is used instead of a cold one, and the cure time is a little
longer. The base material, on the other hand, is cheaper.

A value analysis must be made for each part In order to choose between 6.1 and 6.2

6.3. Compression moulding with flow :

The process can be compared to forging for metallic parts. It requires

- a heating installation capable of heating the material to a temperature at which it
can be moulded

- a quick-close presj capable of maintaining the pressure until the resin has stopped
flowing
a metallic mould (uppar die/bottom die)

The semi-finished product is a sheet reinforced with fibreglass or carbon fibres (cut fibres or mat)
or a carbon/fibreglass hyocld imprenagted with a thermoplastic resin (P.E.I. or P.E.S) : G.l.T. or a
non said phenolic resin : S.K.C.

The sheets, which have the same weight as the part to be moulded, are placed inside the lower half
of the mould. tLe press is then activated. The two halves of the mould come together quickly and exert
a pressure on the reinforcement of the semi-finished product.

The material which initially covered only a part of the mould will flow and fill the whole space in a
few seconds without shearing. Fibre length is thus almost totally unaffected by the mulding operation.

As it is the reinforcement fibres that carry most of the load in a composite, fibre arrangement
in the finished part plays a predominant part in obtaining the mechanical properties. It is thus
necessary to check the regularity of the fibre arrangement on the first parts by dissection,
particularly if the geometry is complex.

This technology makes it possible to obtain parts with complicated geometries and variations in
thickness, ribs, etc.

The pressures required depend on the complexity of the shape of the part, but they are typically
in order of 20 MPa. Afrospatiale has chosen to design the ATR 42/72 luggage rack door and side
panels using this technology.
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6.4. Resin transfer moulding (R.T.H.)

This process consists in thermo-forming a special reinforcement to the exact shapes and size of the
part, in the mould, and then injecting a liquid phenolic resin under low pressure or vacuum.

Resin tranfer moulding is carried out in several phases

(1) cutting out the reinforcements

(2) positioning the reinforcemants, generally one above the other, in a frame or retaining plate
retaining the reinforcement peripherally. The tension of this retaining plate must be adjusted
in order to permit relative slippage of the plies towards the centre of the mould. A large part
of resin transfer moulding know how resides in good design and good adjustement of the retaining
plate.

(3) heating in an oven to soften the reinforcement binder.

(4) forming the reinforcement In the press.

(5) cooling in the mould to set the binder which makes it possible to conserve the shapes.

(6) cutting the preliminary shape to the exact dimensions of the part to be moulded.

(7) placing the preformed reinforcement, cut the size of the part, in a closed mould sealed in around
the periphery.

After injecting, the excess resin required to expel the air initially present in the mould is
removed via vent holes perpendicular to the plane of the mould.

This technology also makes it possible to reduce production costs and obtain parts that have an
excellent surface condition and do not require a surface treatment operation before being
painted.

7. CONCLUSION

Aerospatiale are on the point of adapting new technologies to put them In a even better position
with respect to the existing regulations and enable them to produce parts at less cost. But to be able
to do so, future regulations must be realistic, i.e take account of industrial reality from the point
of view of test methods, criteria to be met and available industrial materials. What do tomorrow's
regulations have In store for us ? Toxicity requirements 7 Burnt through requirements 7 It would be
desirable for the intended directions to be announced early enough to enable the necessary developments
to be prepared. The position of an aircraft manufacturer such as AerospatLale is very difficult today,
as modifications to the regulations are often made hastily and therefore lack consistency.
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HEAT RELEASE RATE MEASUREMENT FOR EVALUATING THE FLAMMABILITY OF AIRCRAFT MATERIALS

Yoshio Tsuchiya, Institute for Research in Construction, National Research Council of
Canada, Building M-59, Montreal Road, Ottawa, Ontario, KIA OR6 Canada

Summary

With the goal of improving fire safety in passenger aircraft, the FAA and Transport
Canada have adopted a new test method to evaluate the flammability of aircraft interior
materials. The method uses a modified ASTM E906 release rate test apparatus.
Experiments have shown that the test is affected by small variations in such factors as
the pattern of airflow in the combustion chamber, the number and position of pilot
flames and certain characteristics of the sample such as flame retardancy and physical
construction. The author discusses the various factors affecting the test. Of
particular interest is a comparison between the thermal method and the oxygen
consumption method of HRR measurement. The oxygen consumption method is recommended.

Introduction

To upgrade the fire safety standards for cabin interior materials in transport category
airplanes, the Federal Aviation Administration (FAA) started a program in the late
1970s to establish a method for testing flammability under an imposed radiant heat
representative of the post-crash fire environment. A standard test method of the
American Society of Testing and Materials (ASTM), ASTM E906(l), was adopted as the most
suitable method for the purposc The E906 standard test was originally developed for
testing the flammability of building materials which generally have HRR's between 150
and 400 kW/mt . For aircraft materials, HRR's below 100 kW/m' or ideally below 65 kW/m2

were being sought. To measure such small values of HRR accurately, the current FAA test
was developed from the ASTM E906 test by improving the sensitivity of measurement and
by precisely defining the test conditions.

The Fire Research Section of the Institute for Research in Construction, National
Research Council of Canada (NRCC) has been involved in establishing the FAA test in
Canada under the supervision of Transport Canada since 1985. The facility and the
testing method were successfully inspected by the Technical Center of the FAA in 1987,
and since April 1988 tests have been performed both for certification and development
purposes.

The purpose of this paper is to share acquired technical information with other
international testing laboratories which have developed, or are developing, their own
testing facilities fo' Lhe FAA test with the goal of upgrading the testing methods and
thus improving fire safety of aircraft materials.

PATTERN OF AIR FLOW IN THE COMBUSTION CHAMBER

Fig. 1 Cross section of the combustion chamber and the pattern of air flow
(a) Before sample injection (b) After sample injection

Position of
the thormop; e

± Heater
reflector

Heat flux density on the specimen surface must be uniform and within 5% variation as
described in the regulation(2). To get uniformity, a diamond shaped mask plate is used
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in front of heater bars and also, the slopes of the edges of heater reflector plate are
adjusted(2). Adjusting the slopes, however, may change the pattern of air flow in the
combustion chamber and the HRR measurement may be significantly affected. When a
specimen of no heat output is injected into the testing position, mV output of the
thermopile may be expected to fall because of the heat absorption by the cool specimen
and the specimen holder. Actually, the my output increases because more air flows
towards hot heater bars as shown in Fig. 1. This increase could be as high as 1.5 mV
depending on the angle of the slope; 1.5 mV corresponds to about 18 kW/m

2 
in HRR

measurement. When a particular testing apparatus constantly shows higher values than
others, this effect should be examined.

PILOT FLAME PROBLEMS

The FAA has ruled that both the upper and lower pilot flames should remain lighted at

all times during tests, but the pilot flames occasionally are extinguished. When a
material treated with flame retardants is tested, the evolved gas may extinguish some

of the upper pilot flames. As well, the lower pilot flame may be physically smothered
by swelling of the front surface of a specimen.

The upper pilot

The original design of the upper pilot burner had three flames 60 mm apart. Once a

flame was extinguished, it did not reignite. When the upper pilot flames are off,
combustion of gaseous decomposition products is less efficient and a dip appears on the
release rate curve. To alleviate this, the burner has been redesigned to have 14 flames
12.7 mm apart.

Even with the new design, some of the flames may still be extinguished but they are
easily reignited by adjacent flames. The problem has been mitigated, yet some dips
still appear on release rate curves as shown in Fig 2. The dip reduces the value of
accumulated heat release. The reduction may be corrected by integrating the area below
the broken line in Fig. 2, or alternatively, the dip can be left as it is since
generation of flame extinguishing gases may be a desirable characteristic of the
material.

The lower pilot

Smothering the lower pilot flame could occur in testing a material with a honey-comb
structure. The built-up pressure in the honey-comb makes the heat softened front
surface swell thus blocking the lower pilot. When the lower pilot flame is off, flaming
of a specimen could cease completely. Installation of a reigniter has been suggested to
cope with this problem. One suggested design is a spark ignition gap installed
immediately in front of the pilot burner. The high voltage of a spark source, however,
may produce noise in the data system or cause unpleasant electric shocks to the
operator. At NRCC, a hot platinum wire igniter has been used.

Fig. 2 HRR trace when some of the upper pilot flames extinguished

a0 - - I - .......

S0ome upper flameswer - - - - - -

.,Cr-V- - [i± EEi i ! !,i
Min.

It has been noted that installing a hot wire igniter prevented smothering of the pilot
flame by providing a physical barrier in front of the pilot flame. A simple guard and

not a reigniter may solve the lower pilot problem in most cases. Another suggestion is
to install crossed wires on the surface of the specimen attached to the edge of the

specimen holder; this will prevent swelling of the specimen surface at the position of
the lower pilot burner.



32-3

AIR TIGHTNESS OF THE COMBUSTION CHAMBER

The FAA test apparatus loses its air tightness upon repeated use, especially around the
heater bar fixture, and supply air may leak out of the combustion chamber. The air leak
results in larger values for the calibration constant. The air tightness can be checked
visually by placing a smoke generator in the combustion chamber or by flowing nitrogen
instead of air and measuring the decay of oxygen concentration at the chimney. The
latter method can be performed conveniently in the oxygen consumption method of HRR
measurement, which will be discussed later in this paper.

SURFACE AREA OF A SPECIMEN

The specimen holder has front dimensions of 0.156 m X 0.156 m with a 6 mm wide edge.
The exposed surface of a specimen is then 0.144 m X 0.144 m =0.02074 r2. The FAA rule
requires that 0.02323 m surface area be used for HRR calculations. The difference from
the exposed surface area is approximately 12%.

STATISTICS OF TEST DATA

Small variability of test data is desirable in a test for better control of the quality
of materials to be tested. The quantitative measure of the variability is the standard
deviation. Variability of test results in the FAA test has been studied in two
different ways. One was a repeated test of a control sample over a period of 8 months
and the other was statistical analysis of actual test data.

The variability of data in repeated tests is mainly caused by variation of test
conditions. Variability in triplicate test data is variation of the specimens and of
test conditions specifically related to the material, such as instability of pilot
flames.

Repeated tests of a control sample in an 8 month-period

Specimens of a control sample were tested 17 times over a period of 8 months. Means and
standard deviations are as shown in Table 1.

Table I Repeated test of a control sample in an 8 month-period

Number of tests Mean Standard deviation

Max. HRR 17 70.9 kW/m2  6.52 kW/m2

Accum. HR 17 73.3 kW-min/m' 7.52 kW-min/m2

Statistics of actual samples tested in an 8 month-period

From March to October 1988, 214 materials were tested. Means and unbiased standard
deviations for each triplicated run are shown in Figure 3 (a), (b), (c), and (d).

Figure 3 Histograms of test results
(a) Maximum rate of heat release, (b) Maximum rate of heat release,
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(C) Accumulated heat release at (d) Accumulated heat release at

2 minutes, means 2 minutes, standard deviations
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Each histogram contains 214 data points. Curves have been drawn assuming a normal
distribution for means and a chi-square distribution for standard deviations. It is
notable that peak values of the standard deviation for accumulated HR and maximum HRR
are about 3 while those of the control sample were about 7 as shown in Table 3. The
results indicate that variation in test conditions over a long time period is
significant; relative standard deviation was about 10 %.

THERMAL METHOD VS. OXYGEN CONSUMPTION METHOD

There have been two generic types of heat release rate measurement: the thermal method
and the oxygen consumption method. The thermal method measures increases in the
temperature of the exhaust air by a thermopile; the current FAA heat release test(2)
and ASTM E906(1) are examples of the thermal method. The oxygen consumption method
measures oxygen content of exhaust air, and calculates HRR based on the fact that a
constant amount of heat is generated per unit quantity of oxygen consumed. An example
of the oxygen consumption method is ASTM E-5 proposed Cone calorimeter test(3).

Blomqvist compared the oxygen consumption method and thermal method using an ASTM E906
apparatus with a compensated thermopile(4). Tests of a polyvinyl chloride (PVC) wall

covering gave a HRR which changed rapidly with time; the thermal method gave only 60%
of the peak value of the oxygen method. The discrepancy can be explained by the large
thermal inertia in the thermal method.

The present author compared the two methods using an ASTM E906 apparatus in a previous
study, and .-'ncluded that the oxygen consumption method was advantageous because it was
free from thermal inertia which is caused mainly by absorbing and desorbing of heat by
the walls of the apparatus(S).

The other advantage of the oxygen consumption method is a non-biased measurement of
both convective and radiative heat release. A thermopile, the temperature sensor used
in the thermal method, measures the convective heat release but may not measure the
radiative heat release. For the purposes of fire safety, the HRR including both
convective and radiative heat release should be measured. In the FAA test or ASTM E906,
the apparatus is calibrated with burning methane. A methane flame is less bright,
having a smaller radiative/convective ratio than a propane flame or wood flame. When a
test sample has a flame of higher emissivity than the met'iane flame, the measured HRR
value is biased and is recorded as smaller than it actually is. In the oxygen
consumption method, both convective heat and radiative heat; are measured without bias.

EXPERIMENTAL STUDIES OF 0, CONSUMPTION METHOD IN THE FAA TEST APPARATUS

The standard FAA heat release test has been modified to measure HRR by the thermal
method and oxygen consumption method simultaneously. Tht modification included the
addition of a gas sampling line and gas analyzers as shown in Figure 4. The gas
sampling probe was placed 4 cm below the level of the bypabz air opening in order to
sample gases only from the combustion chamber flow.

High baseline of the thermal method

Figure 5 shows millivolt outtputs of the thermopile and oxygen analyzer when a control
sample was tested. Differences between the two curves are obvious; the thermal output
curve is characterized with a large baseline value and relatively small signal values.

, J
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Fig. 4 Gas analysis system
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The large baseline value is caused by the output from electric heating bars; it does
not appear in the oxygen consumption method. The baseline value is subtracted from
measured millivolt values to calculate heat output in the FAA test. In any measurement
a large baseline value is not desirable; poor signal/noise ratio results and also
fluctuation of the baseline value reduces accuracy of measurements more significantly
than in a case with small base line value. The small baseline value is another
advantage of the oxygen consumption method.

It is also obvious in Figure 5 that the peak shape compared to the long tailing part of
the curve is much steeper in the output of the oxygen analyzer than that of the
thermopile. The difference is caused by thermal inertia as discussed earlier.

Fig. 5 Output signals from the thermopile and oxygen analyzer
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The output signals from the 02 analyzer were delayed about 25 seconds from the
thermopile outputs. The delay was caused by the gas sample flow path from the sampling
probe to the exit of the 02 analyzer. The delay had no effect on the value of HRR.

HRR values measured by both thermal method and oxygen consumption method

Five different methods were used to calculate HRR in the modified FAA test:
1. Standard thermal method(2)
2. Modified standard thermal method using propane as the calibration gas
3. O consumption method with the apparatus constant measured by burning known flow
rates of methane
4. Same as #3 but propane was used in place of methane
5. Normal oxygen consumption method using the accepted heat release value for unit
quantity of 0 consumption.

In #2 above, propane was burnt in a similar way but with smaller flow rates than
methane flow rates in the standard method. In #3 and #4, methane and propane

____.___._
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respectively were burnt at known flow rates, and the apparatus constants were
calculated in kW/O2%. HRR for the combustion of test samples is calculated by
multiplying the constant with the 0, consumption percent. In this method, the flow rate
of air in the calibration and test runs should be kept constant but the value is not
required. Two different gases were used in calibration to investigate the effect of
brightness of flames.

In #5, a heat release value of 13.1 KJ/(gram 0,)=18.70 KJ/(m' 0,) suggested by Hugget(6)
was used. Flow rates of air to the combustion chamber and to the bypass were measured
by a hot wire anemometer method(7) in the 39 mn id. air supply pipes. The standard air
flow, whose rate was 0.04 m'/sec measured by a rotameter, was found to split in a ratio
of chamber/bypass=1/l.62.

Four different calibration constants (Kh) are shown in Table 2 and results of five
different methods of HRR measurements are shown in Table 3.

Table 2 Calibration constants

Thermal method Oxygen consumption method
Kh, kW/mV Kh, kW/%

#1 #2 #3 #4
with CH, with CH, with CH4 with C,H,

0.282 0.369 2.375 2.456
1.62* 1.72* 0.99* 1.03*

* Relative standard deviation in duplicate runs, %

Table 3 HRR of control sample

Thermal method Oxygen consumption method

#1 #2 #3 #4 #5
CH, Kh CH, Kh CH, Kh C3H, Kh Common method

Max. HRR* 78.3 102.7 123.9 128.1 105.4
Accun.HR** 50.8 66.6 58.9 60.9 50.2

* The maximum HRR in the 5 minute test period, kW/m'
**The accumulated HR at 2 minutes, kW-min/m'

In Table 2, values of relative standard deviation of the oxygen consumption method were
smaller than those of the thermal method; the oxygen consumption method had better
reproducibility. The larger value of the calibration constant measured with propane
than with methane, in the thermal method, is accounted for by the larger
radiative/convective ratio of the propane flame. In Table 3, the standard FAA test
method (thermal, with methane calibration) resulted in the smallest value of HRR for
the control sample. In comparing the oxygen consumption methods and thermal methods,
the lower values of maximum HRR in the thermal method result from greater thermal
inertia in the thermal method. The thermal inertia should have no effect on the
accumulated HR and there is no significant difference between measured accumulated HR
of the two groups in Table 3. It is obvious that the standard method (fl) gives a lower
value of the maximum HRR than other methods. The oxygen consumption methods, #3 and 14,
methane and propane calibration respectively, agreed well. Values obtained by the
common method are lower than those measured in #3 and #4 methods; more accurate
measurement of the chamber air flow may be required.

THE STANDARD AIR FLOW RATE

The standard air flow rate 0.04 m'/s is in exress of that needed for complete
combustion of materials to be tested. In the above experiments, the maximum oxygen
depletion was 2% and 1.3% respectively in the methane calibration and in testing a
control sample. Concentrations of CO were less than 0.01% and 0.2% respectively. The
air flow rate can be reduced by 1/2 or 1/3 of the standard rate without much increase
in CO concentration, which is an indicator of incomplete combustion. The reduction of
flow rate will increase 02 consumption percent. MV output will also be increased
resulting in improved signal/noise ratio both in the oxygen consumption method and the
thermal method.

Conclusion

The measurement of HRR by the standard FAA test method is affected by air flow pattern,
pilot flame stability, air tightness, and consideration of the surface area of samples. t
Close control of these factors is essential for a valid measurement. The magnitude of
variability of data that were obtained in the author's experiments has been discussed;
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relative standard deviation in tests of a control sample in a 8 month period was about
10 %.

The oxygen consumption method and the thermal method were compared by adding a gas
analysis system to the standard FAA test apparatus. The oxygen consumption method is a
better method and it is recommended for use in place of the present thermal method. The
thermal method results in less accurate HRR values by giving: 1) a small maximum HRR
value because of the thermal inertia of the apparatus, 2) lower than actual HRR values
in testing materials with flames of higher emissivity than methane flame, 3) higher
base line values and 4) less reproducible data. The signal/noise ratio can be improved
further by reducing the air flow rate.
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DISCUSSION

J.C. RIPOLL
The purpose of the ASNE is to observe the behaviour of

the tested material ( we try to measure a rate ). What could
be the value of an added weight loss measurement ?

AUTHOR'S REPLY:
Weight loss measurement is useful in research. It is

performed in the cone calorimeter. However, for the purpose
of regulatory measurement, reproducible and reliable measurement
is the first requirement. Adding weight loss measurement to
the FAA OSU test would increase complexity to the already
difficult measurement.

G. COX
In view of the difficulties you have illustrated in using

the OSU apparatus and in view of considerations within ISO to
ensure that test methods provide information useful to
mathematical models, would you recommend that the aerospace
industry consider moving to the cone calorimeter for the
measurement of heat release rate?

AUTHOR'S REPLY:
Cone calorimeter is a good test method, but I would not

suggest to use it for testing materials of low heat output like
aircraft interior materials.
Cone calorimeter has an open design and entrained air dilutes
combustion gas resulting in a small value of oxygen % depletion.
My suggestion is to use oxygen depletion method with OSU
apparatus which has closed design.

D.A. PURSER.
Wirh regard to your comment on the use of the cone

calorimeter, I understand that one is attempting to measure
very low oxygen depletion from low heat release of aircraft
materials. However, I understand that more recent developments
of the apparatus use an enclosed cone, thereby reducing air
entrainment. Would you comment please.

AUTHOR'S REPLY:
If total airflow can be reduced by enclosing the cone,

it may be possible to measure low values of heat release rate.
But I still have reservations on "quantitative"consideratxons
when the cone is compound with OSU. The enclosed cone has a
large dead volume.
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FLAMMABILITY TESTING-OF AIRCRAFT CABIN MATERIALS
by

A. Tevarson and B.G. Zalosh
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SUMM4ARY

Before the new Federal Aviation Administration flammability regulations for aircraft cabin materials
were announced, various laboratory flamability tests were conducted on generic aircraft panel materi-
als. Besides convective heat release rates and smoke optical densities, which are i01luded In the new
regulations, the tests included material Ignitability, fire propagation rates, chemical heat releas;
rates, and toxic gas generation rates. Data obtained using different test methods often differ signifi-
cantly for the same generic panel material. For exa-ple, critical heat fluxes for Ignition as measured
in-the NIST Ignition Apparatus are 16% to 110% higher than those measured In the FVRC apparatus.

In the case of fire propagation, test data are reported for electrical cables As well as panel mate-
rials. The cable fire propagation rates are correlated against a fire propagation indx based on heat
release rate and ignitability data. These data may be useful In assessing the In-flight fire-hazard of
various cabin materials. In the case of heat release rates per unit surface area, If data-from differ-
ent test facilities are normalized by Incident heat flux and compared In terms of the ratio of chemical,
and convective heats of combustion to the effective heat of gasification, there Is agreement to within
at least one significant figure for most materials.

Aircraft panel material smoke generation potential, as measured by-mass optical density, is shown to
be highly dependent on the light source and the ventilation conditions in the fire test. Since these
conditions differ substantially for post-crash fires and In-flight fires, fla-ability guidelines for
smoke ger.eration, toxicity, and corrosivi y during In-flight fires may entail different test methods
than currently used to screen ca!in materials for post-crash fire survivability.

NOMENCLATURE

A total surface area of the material Involved in fire (m
2
)

e p specific heat (kJ/gK)

eCorr concentration of corrosive compound
mass consumption rate of 02 (g/s)

d 2 cable diameter (m)
D optical density per metr (m-1 )
DHass mass optical density (m /g)
Ds specific optical density (m /g)
61 generation rate (glina)
0 generation rate (g/s)
6H chemical heat of combustion (kJ/g)

/ fraction of light transmitted through smoke -)
k thermal conductivity (kW/mK)
k maximum possible theoretical yield (g/g)
ki mass oxygen to fuel stoichlometric ratio (g/g)
t02 optical path length (m)
L heat of gasification (kJ/g)
6T total mass flow rate of fire product-air mixture (g/s)
n number 6f cables4" heat flux (kNW/m)
4 heat flux (kW)

0" heat release rate (kW/m
2
)

0 heat release rate (kNW)
AT temperature above ambient (K)
OT total volumetric flow rate (m

3
/s)

v fire propagation rate (mls)
X height (m)
XR radiative fraction of the chemical heat release rate (-)
Y yield (gig)

Greek Symbols

a fraction of corrosive compounds deposited on the surface
B fraction of the mixture of material vapors and air present as water
6 flame heat t ansfer length (m)
p density (g/m )
Xi combustion efficiency

Subscripts

Ch chemical
Con convective
Corr corrosive
Cr critical
e external
f flame

I chemical, convective or radiative
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kg Ignition
J individual compounds
n net
p pyrolysis
rr reradiation
Rad radiative
a smoke
T net complete combustion
v material vapors

Superscripts 1
per unit of time ( "

pe unit surface area of the material (m-2)

INTRODUCTION

The new Federal Aviation Administration (FAA) flammability standard for aircraft cabin materials [i]
Is-intended to Increase the survivability of a post-crash cabin fire. Laboratory tests and acceptance
criterii are desribed In the standard for measurements of smoke emissions and for heat release rates of
cabin materials exposed to a radiant heat flux. Before the new standard was Issued, a variety of gene-
ric cabin materials was tested using several different laboratory test methods. According to the FAA
announcement of the final regulations (reference 1, 1988), the test method and acceptance criteria spe-
cified Ifi the new regulations were selected on the basis of 1) ranking of the relative nerformance of
materials 1i the lab6ratory tests compired to full-scale simulated post-crash fire tests; 2) aircraft
industry experience with the test method; 3) reproducibility of results among different laboratories;
and 4) cost of facility set up and testing.

Flammability considerations not covered In the new test requirements include ignitability, flame
spread, and toxic gaa generation. Some of these other cohsiderations would appear to be more relevant
to in-flight fire scenarios for which there are no specific flammability regulations yet. Furthermore,
heat release rate ard smoke generation rate meisurements for In-flight flammability conaiderations could
differ from the corresponding post-crash fire scenario because of differences In radiant heat flux (dif-
ferent exposure fires), ventilation conditions, and relevant cabin materials.

The objectives of this paper are 1) to review the test data on Ignitability, fire propagation, heat
release rate, and smoke and toxic combustion products measured at Factory Mutual Research Corporation
(FMRC) for generic aircraft cabin panel materials and for other materials (such as electrical cables)
that could be Involved in In-flight fires; and 2) to compare the FMRC data to- panel materials to data
obtained with other laboratory test methods. The data presented here are a representative sampling of
the FMRC data reported In references [2-5) and the aircraft panel flammability data reported In refer-
ence 6 for other laboratory test methods. The data do not include the results of round-robin tests on
actual In-service panels as referenced In the FAA final rule announcement [1] because those tests were
conducted entirely with the ASTM E906 apparatus (also called the Ohio State University apparatus) (7].

FIRE INITIATION

When a material absorbs an external heat flux, q"e , vapors are generated which may ignite (piloted
or autoignition) at time, ti . The time to Ignition, ti , can bd expressed as a function of q assuming
heat transfer by conduction lor a thermally thick matera [2-43, e

-1/2 1/2()
t a q"/ Tg (kpc)ig e ig p

where ti, Is in seconds, ql is in kW/m2, 6Ti is the ignition temperature rise above the initial materi-
al surfa e temperature (K?; k Is the material thermal conductivity (kW/mX); p Is the density of the
material (g/m) ando ia the specific heat of the material (kJ/gK). In the Factory Mutual Research
Corporation's (FHRC) ipJammability Apparatus, tl_ is routinely measured as a function of q".for materials
with an exposed surface coated with a thin la er of black paint to reduce or ellminate errors Jue to
surface absorptivity differences [2-5]; Figure I shows an example for an epoxy fiberglass aircraft
panel. In the figure, the minimum heat flux at or below which there Is no ignition, defined as the cri-
tical heat flux, q" , Is identified. The Inverse of the slope of the line In Figure I is equal to the
thermal response pAameter AT(kpo ) , assuming the proportionality constant in Eq. (1) to be unity.
In the National Institute of Stadards and Technology (NIST) Ignition Apparatus (similar to ASTM E162
Radiant Panel Test) [6], Ohio State (OSU) Heat Release Rate Apparatus [7] and In the MIST Cone Calorime-
ter [8], ti values are also measured as functions of q. and thus thermal response parameter values can
be determingd. Figure 2 shows an example of the Ignitign data measured in the NIST Cone Calorimeter for
the same epoxy fiberglass aircraft panel material as In the FMRC Apparatus.

Aircraft panel Ignition data from the FMRC and NIST apparatuses are listed in Table 1. Critical
heat fluxes from the FHRC apparatus are consistently lower than those from the NIST apparatus. The var-
iations In the data from the three apparatuses In Table 1 are possibly die to variations In the type of
radiant heaters (wavelength), surface absorptivity, air flow conditions, size, orientation and distance
of the pilot flame from the sample surface, sample thickness and sample insulation, etc. It thus ap-
pears that Ignition data measured in various apparatuses (FMRC, OSU, NIST, etc.) need to be examined to
resolve the differences and to Identify appropriate test procedures for In-flight cabin fire Ignitabil-
ity evaluations.

Some selected ignition data from a recent study on electrical cables [3,4] are listed In Table 2.
The thermal response parameter Is one of the dominant parameters governing fire propagation. As can be
noted In Table 2, cables with low values of the thermal response parameter have very rapid fire propa-
gation, whereas cables with high values of the thermal response parameter have difficulty in sustaining

0"I______
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fire propagation. Aircraft materials with higher values-of critical- heat flux-and thermal response par-
ameter would be preferred.

FIRE POilAGATIOH

Fire propagation Is a critical factor In fire growth and escalation. Several fundamental fire pro-
pagatIon theories and test methods have been proposed (9] and have been used for aircraft cabin materi-
als, I.e., panels [63 and electrical cables C2,33.

The pward fire propagation rate for-aircraft panel materials, v, has been expressed as [6],

112 -1/2 * 1/2, -6, q/AT(kpca (2)

where 6 Is the flame heat transfer length (m), and Is the flame heat flux per unit area (kW/m
2
) of

heated material. 6 Is expressed as [63,

S-xr - XP, (3)

where, xf Is the flame height (m) and xp is the pyrolysis zone height (m). The values of i", xr and x

have been measured for various materials In the NIST Flame Height and Heat Transfer Apparats (16); data
for the aircraft panel materials are listed in Table 3.

For electrical cables the following,relationshlp for upward flame spread rates has been used-[2,3],

v a
2  

( Ch /nd)/
3

/AT(kpc)
1/2 

, ()

where XR.is.the radiative fraction of the chemical heat release rate, Qh; n Is the number of cables in
the test sample; d Is thecable diameter (m). 6Ch Is calculated from th generation rates of CO and Ci2
or the constmption rate of 02 (2-53,

ACh " T/k ) 6CO2 + [(ART- HCO)/kCO] 6CO (a)

4Ch " (r/ko) 6o2 (5b)
22

where AH Is the next heat of complete combustion (kJ/g); AHCO is the heat of combustion-of CO'(kJ/g);
kCO and ICo2 are the maximum possible theoretical yield of cO and CO2, respectively; ko is the mass
oxygen-to-fuel stoichiometric ratio (g/g); OCO and OCO are the mass generation rates oF CO and CO2,
respectively (g/s), and C02 is the mass consumption rat? of 02 (g/s).

In the case of cabin panel materials with constant XR, Eq. (4) can be expressed as
1/2 -"1/3 1/2

QCh /AT(kpcp (6)

where Q Is the chemical heat release rate per unit panel width, and AT(kpc )1/2 can be determined from
the Ignition experiments In any one of the apparatuses (OSU, lIST-Cone and ?gnition and FMRC Flammabil-
ity). QCh.values can also be determined in these apparatuses, and thus relative v values can be esti-
mated.

The relationship In Eq. (4) correlates vertical tire i-opagation rate data for cables as shown in
Figure 3, taken from Reference 4, where X Is assumed to . 0.40. The right hand side of Eq. (4) with

- 0.40, multiplied by, 1000, Is defined as the Fire Propagation Index (FPI) (33. Cables have been
o assilfed Into three groups based on FPI values C31: 1) Group 1 cables, FPI < 10, large-scale self-
sustained fire propagation is difficult; 2) Group 2 cables 10 < FPI < 20, fire propagation is self-
sustained with slow-to-moderate flame spread rates, and 3) Group 3 cables, FPI > 20, fire propagation Is
self-sustained with very rapidly increasing rates of tire propagation. A similar FPI concept for air-
craft cabin materials may be applicable.

HEAT RELEASE RATE

Heat release rate Q can be expressed as (5,103,

i
6
H i v (7)

where I is In k; 6v Is the-mass generation rate or material vapors or the mass loss rate of the mate-
rial (gbs); I Is chemical, convective or radiative mode of heat release, and AH Is heat of combustion
(kJ/g). Gv can be expressed as [5,10],

or jv A +q/Lr' (9)

ni
where A Is the area of the material (i

2
), i. is the surface reradiation loss (kW/m

2
), L is the heat of

gasification (kJ/g) and q is the net heat &zx (kNW/m).

From Eqs. (7) to (9),

"C -/A 
6
Hc/L (10)n~/ Cn

C " - AHcon/L (11)

Q ad/A i" - AHad/L (12)
n
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Allltheserelationships'are nondimensional.

In the FMRC Flammability Apparatus, Q Is determined from 6CO and OC (Eq. (5a)) and C (Eq.
(5b)). ^ is determined -from the gas temperature rise above ambient ATg d the total 6ais &w Ste
of fire pPQuct-air mixture, mT (5,103:

QCbn - ATgCp , (13)

where n is in kW; is in g/s; AT is in K and c is the specific heat of fire product-air mixture,S e thevalue frair d eternedfrom'the difference between Q- and
assumedC0 equal the/valu 6o~i Isgg.rind

..., In the 14ST Cone Calori meter, Q' is d~ermined from do (Eq. (5b)) and in the OSU 4elt Release
AFratus, Qa^n is determined from Eq.h(13). In all these a~aratuses, Q1, values are determined at
various~ql vaf'es. When q, > * - q*r Eqs. (10) to (12) can be written as:

e e f rr
4 -1/4," AHc/L (14)

Qoe'" /41" = /Hc L (15)
Con e Con
Q" /q" - AH L (16)

wReid e Rad
where, 61 - Q/A (17)

Table 4 lists the data -for 6Hi/L for the aircraft and other materials derived on the basis of
measurements made in the FMRC, OSU and NIST Apparatuses. There is agreement to one significant figure
for most materials when comparable data from the various test facilities-are reported. It is possible
to incorporate techniques to determine chemical heat release rate in the OSU Apparatus which is the FAA
Standard [1 Thus, both FMRC and OSU Apparatuses can be used to determine chemical, convective and
radiative heat release rates or heats of combustion; the NIST-Cone Calorimeter can also 'be used for the
determination of chemical heat release rate or chemical heat of combustion. Ostman et al. (11] compared
heat release rates measured in the OSU apparatus, the NIST cone calorimeter, and in a Swedish facility
(conceptually similar to the FMRC apparatus) and found a good correlation between results at comparable
heat fluxes.

The new FAA acceptance criteria for cabin materials is based, in part, on the peak convective heat
release rate. If the convective heat of combustion and the heat of gasification are assumed to be
invariant with scale; the ratio of 'fll-scale convective heat release rate, (&Q, )., to laboratory-
scale conveative heat release rate, (con)LAB , is (from Eq. 11):

(4COn)FS(COn)LAB - (net)F-S (qnet)LAB (18)

The value of (4", ) depends on the fire scenario and time from ignition, while the value
of (q."),- depends nphmily on the choice of q'. The new FAA standard [1) specifies q" - 35 kW/m on
the b~s achieving reproducibility of data from different laboratories using the OSU 8pparatus.

GENERATION RATES OF SMOKE, TOXIC AND CORROSIVE FIRE PRODUCTS

Heat release rates and fire propagation rates provide a measure of a material's contribution to
flashover In the aircraft cabin. The survivability of a post-crash fire prior to flashover and of an
In-flight fire depends to a great extent on the generation of smoke, toxic and corrosive fire products.
Environments created in fires due to generation of heat are defined as thermal environments [12).
Environments created in fires due to generation of smoke, toxic and corrosive products are defined as
nonthermal environments [123. For the assessment of fire hazard and protection requirements, quantita-
tive data are needed in the models for the fire properties of materials to determine the rate of fire
propagation, heat release rate and generation, rates of smoke, toxic and corrosive fire products. The
generation rates can be expressed as [5,10),

, (19)

where 61 is the generation rate of compound J (g/s) and Yj is the yield of the compound (gig).

From Eqs. (9) and (19)

GjAq". Y /L (20)in J
Figure 4 shows a plot of the generation rate of smoke particulates per unit surface area of

material, 0 /A or 6", as a function of q"/L . The slopes of the lines represent the yield of smoke
according to Eq. (28). Although there is %onsiderable data scatter, it is clear that the yield of smoke
is higher for aromatic and chlorinated materials than it is for the nonaromatic materials.

For high 4- values (q" > - r), from Eq. (20),
e  ("e- Y IL . (21)

1 e J

The generation rates of products measured at various ill values in the FFRC Apparatus include CO, C02,total gaseous hydrocarbons, 02, HC, HICN, H20 and smoke $articulates.

The light obscuration by smoke is expressed in terms of optical density per meter, D (m"') [13),

D - Z-1tloglo (Io/I) ,(22)

where 1/10 is the fraction of light transmitted through smoke of optical path length t m). The mass
optical density of smoke, D...., is defined as [13),
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Drass - D (V/), (23)

,where Dmass Is in m27g, and V is the total- volu=detrlc flow rate of fire product-air mixture (m3/s).
Measurements in an enclosed cember such as the NBSsmoke chamber (ASTMTeat Method F814-83) are usually
reported in terms of a specific optical dersity,-Da, defined as-fC143,

Ds . DV0/A, (24)

where V is-t he chamber volume (
3
) and- A 'is the area oF the burning sample (m

2
). The new FAA Standard

01, 1989 limits D. to a maximum value of 200 for aircraft-cabin. iaterlals.

Extensive data for the yields of CO, CO2. total gaseous hydrocarbons, and smoke particulates and

tass determined in the FMRO Flammability, Apparatus have been reported [5,10]. Table 5 li3ts data for
Y and DM, 't 6-fore aircratt pani materials. As can be noted', Y and D depend not only.on the
generic nature of -the material, but alsoon-theiiode-of combustion, foe., flaffng-or non-flaming as de-termined by ventilation conditions. In addition, DMass depends on the wavelength of the light source.

D values for the aircraft materials are high because the combustion efficiencies are very low, Int~e range 6f 0.36 t6 0.67, compared to fife efficiencies of 0O90 and higher for aliphatic materials and

0.65 to 0.75"6r-aromatic materials [5,101.

Table 6 lists the data for the mass optical density from FMRC Flammability Apparatus, NBS Smoke
Chamber, NIST Cone Calorimeter and other tests. For some materials, the data are comparable, however,
for others there are significant differences. The differences possibly could be due to differences in
the wavelength of light source and venLilation conditiorns These differences demonstrate that specifi-
cation of smoke generation potential of aircraft cabin materials are apparatus-dependent and fire-
scenario dependent. Thus, specifications based on survival of a post-crash fire are not necessarily
applicable to In-flight fires. The relationship of D. and D to detection and visibility In an en-
closure such as an aircraft cabin is discussed In reference Il.

Several tests have been developed for the assessment of the toxicity of the environments when mate-
rials are burned or gasified in a controlled fashion [15-18). 'Mice or rats are used in the tests.
Attempts have been made to combine the toxicity tests with the flammability experiments and develop cor-
relations between-toxicity and concentrations of the fire products; for example, using concentrations of
CO and CO and their variations with generic nature of materials, ventilation and toxicity of the envir-
onment [16J. These methqds possibly could be used for testing of aircraft materials and for developing
guidelines for In-flight

' 
fires.

Corrosive fire products generated during an iy;-flight fire provide a more subtle threat to aircraft
safety. Unless the aircraft interior Is painstakingly and completely cleaned (including all electrical
connections and piping/ducting) accelerated corrosion induced by these products could cause premature
failere of a critical control or safety system in a later flight.

The conce.tration of a corroslve~compound can be expressed as (12),

0Corr - (/8) (6/VT) x 106 (25)

where c~orr is the concentration -of the corrosive compound in ppm; a is the fraction of the corrosive
compound deposited on the surface, and 0 is the fraction of the mixture of material vapors and air pre-
sent as water. Corrosion experiments have been performed at the Factory Mutual Research Corporation by
bubbling all the fire product-air mixture through a known volume of water. A mild steel corrosion probe
placed in the-solution was used, to maasure the rate of corrosion in terms of weight loss of the probe
(121. On the basie of-these euperiments, specific corrosion constant has been quantified; some selected
data are listed in Table 7. ' The higher the value of the constant, the higher corrosivity is expected
under similar fire conditions.

It can be noted that the constant for fluorinated cable insulation is about three times the constant
for PVC. For non-halogenated XLPE/XLPE, the constant is negligibly small. Many of the cables, although
constructed of non-halogenated polymer, heve high values for the specific corrosion constant, possibly
due to the presence of hdlpgenatod fire retardant additives. These procedures possibly could be includ-
ed in new flammability guidelines for in-flight fires.

CONCLUSIONS

Laboratory flammability tests for generic aircraft cabin materials have produced data on ignitabil-
ity, fire propagation rates, heat release rates, and smoke and toxic gas generation potential during
post-crash fire conditions. Comparisons of data using different lest methods show:

1) significant differences (as large as a factor of two) exist in the critical hent flux for igni-
tiOh,;

2) there are several different methods to measure fire propagation rate and correlate it to flame
he.At flux or heat release rate; correlations are available for upward flame spread on electrical cables
as well as cabin generic panel materials;

3) both chemical anj convective heat release rate data using different test methods compare well
when normalized by imposod heat flux;

4) smoke mass optical density data and carbon monoxide yields for aircrafy cabin materials are
highly sensitive to experimental conditions Including entilatlon and other factors that picmote flaming
versus non-flaming combustion.

These data comparisons and similar observations for toxic and corrosive fire products generation
suggest that different test methods and different test materials may ue warranted-for in-flight-fire and
post-crash-fire flammability evaluations.
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TABLE I

IGNITION DATA FOR AIRCRAFT PANEL MATERIALSa

Mater!al 1, ATig b (keep)
1/2  

AT(koc )1/2

(kW/m
2
) (K) (kWs

1
"
2
/m

2
K) (kWsi/ /m2)

FMRC NIST NIST- NIST-Iin FMRC NIST- NIST-
-Ign Ign Cone Ign

Epoxy Fiberglass 10 21 711 0.417 156 198 174

Epoxy Kevlar 15 24 738 0.434 120 169 193

Phenolic Kevlar 20 35 831 0.365 185 258 196

Phenolic Graphite 26 37 843 0.430 333 212 237

Phenolic Fiberglass 33 38 843 0.326 105 172 179

a: Experimental data taken from Reference 6; FMRC: FMRC Flammability Appara-

tus (sample surface coated black); NIST - Ign.: NIST Ignition Apparatus;

NIST - Cone: NIST Cone Calorimeter.

b: Assuming ambient temperature to be 293K.

c: Average of Vertical and horizontal sample data.

TABLE 2

IGNITION DATA FOR ELECTRICAL CABLES MEASURED

IN THE FACTORY MUTUAL RESEARCH CORPORATION FLA14HABILITY APPARATUSa

Cable Diameter q'" AT(kpe )1/2 Fire

(m) (krm
2 )  

(kWsl/1/m2) Propagation

PVC/PVC-I 0.0036 15 131 Yes, very rapid

PP/PVC 0.020 10 197 Yes, very rapid
PVC/PVC-2 0.0092 13 267 Yes, slower

XLPE/XLPE 0.0095 20 273 Yes, slower

EP/PE-Ct-S 0.0043 20 343 Yes, slower

PVC/EP 0.034 15 263 Yes, slower

EP/EP 0.025 23 567 Difficulo

XLPE/EVA 0.012 25 503 Difficult

XLPE/Neoprene 0.015 2j 291 Difficult

FEP/FEP 0.0079 36 652 Difficult

a: Data taken from Reference 3.
PVC: polyvlnyl chloride; PP: polypropylene; XLPE: cross-linked polyethylene;
EP: ethylene propylene; PE-CI-S: chloro sulfurated polyethylene; EVA: ethyl
vinyl acetate; FEP: tetrafluoroethylene with hexafluoropropylene.

II
, /
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TABLE 3

FLAME HEAT FLUX, FLAME HEAT TRANSFER LENGTH AND

FIRE PROPAGATION RATS FOR AIRCRAFT PANEL MATERIALS

MEASURED IN THE NIST FLAME HEIGHT AND HEAT TRANSFER APPARATUSa

Material eV

(80; of Max)b (80% of Max)b

(kW/m
2
) (kW/r

2
), (m) (mmls)

Epoxy fiberglass 25 13 0.30 1.7

38 9 0.33 0.9

Epoxy Kevlar 20 16 0.38 2.6

25 11 0.20 0.6

30 9 0.29 0.6

37 17 0.61 4.8

38 16 0.36 2.5

Phenolic Kevlar 10 14 0.38 1.9

37 27 0.33 6.3

Phenolic graphite 20 10 0.12 0.2

30 11 0.25 0.5

37 10 0.38 0.7

Phenolic fiberglass 38 8 0.62 1.2

a: Data taken from Table 3.4 of Reference 6.

b: Flame Heat fluxes and flame heated lengths were averaged over the time

interval in which these values were at least 80% of their peak values.

c: Computed from Eq.2.

TABLE 4

PEAK HEAT RELEASE RATE DATA FROM FMRC FLAMMABILITY APPARATUS,

OSU HEAT RELEASE APPARATUS AND MIST CONE CALORIMETER

Material a"Ch/L aHcon/L 6HRad/L

FMRC IST FMRC OSU FRC
Aircraft Panels

Epoxy fiberglass 4 5 2 1 2

Epoxy Kevlar 4 4 2 2 2

Phenolic Kevlar 5 4 2 3

Phenolic graphite 4 3 1 3

Phenolic fiberglass 4 3 2 1 2

Polystyrene foams

GH-47 7 2 2 5

GH-49 7 1 1 6

GH-51 8 2 1 6

GH-53 8' 2 2 6

Flexible polyurethane foams

GM-23 9 3 3 6

GH-25 10 5 4 5

GH-27 10 4 2 6

GH-21 11 6 6 5

-, /- -
V .+ C ,, ,. = , ,, . ;+++
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TABLE5

YIELD OF CO AND MASS OPTICAL DENSITY OF SMOKE FOR

AIRCRAFT PANEL MATERIALS DETERMINED IN THE

FHRC FLAMMABILITY APPARATUS

Material Mode YCO DMass (m
2
/g)"

(g/g) 0.46 oa 0.63 ua 1.1 ,a

Epoxy fiberglass Flaming 0.120 2.0 0.72 0.38
Non Flaming 0.024 1.1 0.90 0.64

Epoyy Kevlar Flaming 0.091 0.96 0.60 0.33
Non Flaming 0.040 1.0 0.76 0.59

Phenolic fiberglass Flaming 0.027 0.31 0.21 0.11
Non Flaming 0.036 0.54 0.40 0.18

Phenolic Kevlar Flaming 0.088 0.68 0.47 0.23
Non Flaming 0.026 1.1 0.86 0.59

Phenolic graphite Flaming 0.026 0.59 0.32 0.21
Non Flaming 0.042 0.90 0.60 0.28

a: Wavelength of light source.

TABLE 6

MASS OPTICAL DENSITY OF SMOKE
IN FLAMING AND NON-FLAMING FIRES

Material Mode Mass Optical Density

(m
2
/g)

FMRC
a  Othersb

Plywood Non-Flaming - 0.29
Douglas Fir Non-Flaming 0.39 0.28

Flaming 0.40 -

Cottcn Flaming - 0.12; 0.17
Polyoxymethylene Flaming 0.010 0
Polymethylmethaerylate Non-Flaming - 0.15

Flaming 0.11 -

Nylon Flaming 0.23 -

Polyviuylchloride Non-Flaming - 0.12
Flaming 0.40 0.34

Neoprene Non-Flaming - 0.55
Flaming - 0.40; 0.20

Crosslinked Polyethylene/ Flaming 0.36 -

Neoprene
Polyethylene/25% Ct Flaming 0.28 -

Polyethylene/36% Ci Flaming 0.33 -
Polyethylene/48% Ct Flaming 0.34 -
Polytetrafluoroethylene Non-Flaming 0.013 -
Polyethylene Flaming 0.23 0.29
Polypropylene Flaming 0.24 0.53
Polystyrene Flaming 0.34 1.4; 1.0; 0.79
Styrene Flaming - 0.94
Polyurethane Foams Non-Flaming 0.30 to 0.66 -

Flaming 0.23 to 0.35 0.33; 0.22
Polystyrene Foams Flaming 0.34 to 0.37 0.79; 0.82
Polyethylene Foams Flaming 0.24 to 0.29 -
Acrylonitrite-Butadiene- Flaming - 0.52; 0.54
Styrene

a: Wavelength of light source, 0.63 u. Data taken from Reference 10.
b: Wavelength oflight source unknown. Data, reported in Reference 14 as

measured in the NBS&Smoke Density Chamber, NIST, Cone Calorimeter and

other tests.

-7
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TABLE 7 I
SPECIFIC CORROSION CONSTANT OF MATERIALSa

Speific Corrosion ConstantSampl mieron/hr pp, x 10an

Non-Halogenated

Polymer
Polymethylmethacrylate 0.00047

Cableb
XLPE/XLPE -  

0.0092
EPR/XLPO-1 0.039
EPR/XLPO-2 0.040
Silicone/XLPO 0.059
XLPO/XLPO-1 0.073
XLPO/XLPO-2 0.081
XLPO/XLPO-3 0.093
XLPO/XLPO-4 0.103
EPR 0.076
EPDH 0.085

Halogenated

Solution
O.1 HCt 0.074

PVC 0.073

Cable
ECTFE 0.255
PTFE 0.293

a: Based on corrosion of mild steel. Data taken from Reference 12.

b: EPR: ethylene propylene rubber; XLPO: cross-linked polyolefin;
EPDH: ethylene propylene diene; ECTFE: ethylene chlorotrifluoroethylene;
PTFE: polytetrafluoroethylene.

c: No halogenated additives.

0.50 P
C) I * I iI

0.40I

6 .30 0

ioI I

0 0! i

0.10 :11

E-

0 10 20 30 40 50 60 70
External Heat Flux [kW/n 2]

Figure 1. Piloted Ignition Data for Phenolic 4(evlar Aircraft Panel Material
fromaFHRC Flammability Apparatus. Data Taken-from Reference 6.
SNo Ignition. Critical Heat Flux.

0.T0-' 11

-

-- m.
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0.60

-C-)' 0.50 -- G--jence 6.

00.0

0.100

0.00
0 20 40 60 80 100

External Heat Flux [Wx 2

Figure 2: Piloted Ignition Data for Phenolic Kevlar-Aircraft Panel Material
from NIST Cone Calorimeter. Data Taken from Rfrne6

CNo Ignition. 0: Horizontal Sample. 0: Vertical Sample.

Vertical Fire Propagation
for Electrical Cables

0.18 0 PVC. EP. PE & S1
,n, PE, EP. & PE-Cl
0 XPE. XPO, EVA & PCP

0.15 0 EP. EP-FR & PE-CI-S

0Solid Pine
rnI 0.12

0.06

0.09

0.00 0.01- 0.02 0.03 0.044

(XRACh/7d)l/ 3  AT (kpcp) 1"2  [M5/ 3 /kW2/ 3SI/ 2]
Figure 3: Relationship B~etween Fire Propagation Rate and the Ratio of Flame

Heat Flux to the Thermal Response of the Cable. XRassumed to be
equal to 0.140. Taken from Reference 2.
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o Red Cok PU- Foams
S PMMA. 0 25

200 V PP A 27
OPS a23

PE/25%CCI J1 21I
L PE/36% Ct A PS Foom(47)
-4PE/48% CJ 0 Vyrene

[so- PVC _

6A
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4 V

0b

• ICHLORINATED I
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Figure 4: Relationship Between Mass Generation Rate of Solid Particulates in
Smoke and the Ratio of Net Heat Flux Absorbed by the Material and
Its Heat of Gasification. Taken from Reference 12.

DISCUSSION

Y. TSUCHIYA
OS method measures convective heat release but no the

total heat release. What is the ratio of convective/total for
aircraft materisis.
For the purpose of fire safety, which heat release should be
measured, convective or total?

AUTHOR'S REPLY:
As indicated in our paper, the, total (or chemical) heat

release rate is one of the most important quantities which needs
to be measured for the aircraft materials.
From table 4 of our paper, the average value of the ratio of
convective/total (chemical) heat release rate for aircraft is
0.4.

G.J. TRELOAR.
We already have a number of test equipments providing

information of F.S.T. data. Where will the cone calorimeter
fit in the overall scheme of things. I consider we are Just
making materiels screening more complicated.

AUTHIOR'S REPLY:

Our paper describes the capability of OSU heat release
rate apparatus, NIST cone calorimeter, and FMRC flammability
apparatus for aiicraft materials. It is very important that
ventilation effe~ts be incorporated for the aircraft material
testing and chemical , convective and radiative heat release
rates be measured. Furthermore, the apparatus must be capable
of testing materials under vertical configuration up to 0.6
ma as most new aircraft materials are char forming, and it is
important that fire propagation be used as one of the key
measurements. Our paper describes this for electrical cables,
and suggests that the technique can be used for aircraft
material.
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RESU1ME

Dans un incendie, las ddgats causds par le feu ne-sa limitent pas seulament aux effets de ]a tempdrature,
mais aussi, et surtout, a )a toxicitd des gaz de combustion. Pour limiter les risques encourus par des
personnes soumises accidantellement a un incendia, ii faut donc disposer d'une m~thode expdrimentale de
laboratoire parmattant d~dvaluer la toxicitd des produits de thermolyse afin de s~lectionner las mat6-
riaux utilis~s.

Nous avons 61: amends a mettre au point une m~thodologie complete associant un mod~e-feu original et un
protocole expdrimantal parmattant d'apprdcier d'una part la rdaction au fau des matdriaux par des critbras
physico-chimiquas (perta de poids, inflaimnabilitd, lib~ration de calories, dmission de fum~es), at dautre
part, ]a toxicitd des produits de thermolyse par des crit~es biologiques mesurds sur ]a souris (incapa-

Laensemble des donndes ainsi racueillies est ansuite trait6 par des m~thodes statistiquas d'analyse multi-
factorialla (analyse en composantes principales) at une ndthode de classemant des mat~riaux est proposde
(mdthode des d~classaments compards).

I - INTRODUCTION

Las assais d~velopp~s au cours da cat exposd ont dtd rdalisls au CEAT, Groupa Mat~riaux at Technologies,
laboratoire de chimia at matdriaux cabines davion.

Leur objactif est de validar la mdthodologia d16valuation de ]a toxicit6 des produits de thermolysa des
matdriaux da cabine davion dans des conditions a~ronautiques, midthodologie congue at mise au point par
VUER de ROUEN.

Cans le but d'dvaluer ]a toxicit6 potentielle des produits de dd Vradation thermique des matdriaux, de
nombreux mod~les de laboratoire mettant en oeuvre des animaux ont dtd propos~s,en conditions dynamiques
(rdf. 1, 2) ou en conditions parmanentes (rdf. 3, 4).

Mais il est Clair qua las r~sultats toxicologiques obtenus ne prennant touta laur valeur qua lorsque
des informations minimalas sont obtenuas au niveau de la thermolyse des dchantillons at qua le comporte-
cant du matdriau peut Wer observd. 11 faut donc se faire une Wde des crois crit~res reconnus conma fon-
damentaux, llinflammabilit6, la vitassa de combustion at la libdration de calories. En termas simplas, ii
faut instrumanter la "modble feull lorsque des animaux sont exposds. Cela sara d'autant plus n~cessaira
qua P'on voudra comparer las rdsultats da laboratoire a caux obtenus dans des assais A granda dchella.

Trois crit~res blologiquas ont 06 pris en compte, le Premier temps d'incapacltation (rdduction de l'ac-
tivit6 motrice spontande), le temps dlincapacitation totale (immoobilisation), at ]a concentration ldthale
50 % exprimde en qramma da matdriau brOld par mbtre cube d'alr mis en jau.

2 - ChOIX DES HATERIAUX

Clnq matdriaux ont Wt cholsis en fonction de leur utilisation spdcifique dens Ilamdnagamant de cabine
Wavions:

-las 3 matdriaux qui entrant dapis la fabrication des coussins de si~ga
*une mousse polyurdthane A 43 kg/n'
*un tissu barritre de feu (fire bloking layer) composE a 70 % de fibre de Carbone prdoxydde at a
30 % de polyarnide
*un tissu d~cor de masse volumique 360 g91d, composE A 96,6 % de laine at a 3,4 % de nylon

-una mnoquette composha de laine sur support jute at coton at latex ignifugd. Ella est utilis~e comma
revdtcomant planchar at cloison
un tissu polyester composE a 100 % de polyester, utilisd pour ]a confection de rideaux at housses de
sl~ges.
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3 - DERiOILENENT DES ESSAIS

3.1. Materiel utilis6 (Planche 1)

Clest un cube de 40 cm de c6s, en acier inoxydablo de 1 cm d'dpaisseur, correspondant a un volume de
64 litres. Des ouvertures tarauddes de 3 cm de diam~tre permottent !'introduction de canules doentrde et
de sortie d'air, de sondesi de thermocouples. Les panneaux latdraux et le plafond-comportent des hublots
en quartz permettant d~observer les dvbnements conine Ilinflainnation. Deux paro'is latdrales oppos~es sont
montdes sur charni~res et peuvent Wte ouvertes pour faciliter les manipulations et les nettoyages. Dans
un coin, a 15 cm au dessus du plancher, deuxpiadiatrs-de,-1000 watts chacun servent de source et sont
placds au dessus dun porte-dchantillon sous un aiigle'dd W.0 Urie plaque d'acier de 20 cm de hauteur peut
atre placde dans la partie centrale du four af in de concentrer une plus grande partie de Ildnerg:e thermi-
que dans ]a zone du porte-dchantillon.

L'air est aspird par ur~e pompe p~ristaltique situde en sortie de four dans le coin infdrieur opposd au
porte-6chantillon alors que Ilentr~e d'air frais est assur6e par une ouverture latdralo au niveau de ]a

zone do thermolyse.

3.2. Conditions d'essais
- durde de Ilessai :,15 minutes
- ventilation :renouvellemont de l'atmosphbre de Venceinte toutes les trois minutes, soit 1200 I/h

(conditions adronautiques)
- barbotage :15 Litres a l'heure dans 10 cc? de solution
- liaison entre modules de mesure :la longuour de la liaison four-opacim~tre est d~terminde afin d'dvi-

ter une temp~rature de fum~e sup~rieure a 40' C dans Ia chambre d'exposition des souris.

Pour los autres liaisons, la longueur du tube silicone est rdduite au minimum afin d'Eviter les pertos de
gaz par absorption le long des parons.
- thermolyse deux dpiradiateurs de 1000 watts chacun sous une tension do 220 V

- tempdrature elle est mesurde par llinterm~diaire d'un thermocouple (chromel-alumol jauge 24) mont~e
balistique de la tempdrature ambiante a la temp~rature relevde au bout de 15 minutes soit

6200 C au niveau des gpiradiateurs,
3800 C au niveau du porte-4chantillon (avec rdflecteur de chalour)

3.3. Parambtres mesur~s

3.3.1. Parambtres physico-chimiques
- Perte de poids :La pesde de Ildchantillon avant chauffage (Pi) et des rdsidus en fin de thermolyse (Pf)

permet de d~terminer Ia quantit6 de matdriau passE en phase vapeur (dP %
- Inflarmnabilitd Elie est approch~e par les d~terminations de la concentration critique d'auto-inflam-

mation (Old), correspondant a IS quantitd minimale de matdriau n~cessaire pour faire apparaltre le phdno-
m~ne, otdu ddlai dlauto-inflannation (en minutes)

- Libdation de calories :La tempdrature est mesur~e toutes los 15 secondes a ]a surface du matdriau.
La courbe de'tempdrature en fonction du temps peut atre comparde a colle obtenue sans Echantillon.
Llintgration de ]a diffdrence entre ces deux courbes correspond a la quantit6 de calories libdrdes par
le matdri *au et pout 6tre rapportde a un grarmme. Ces valeurs ne sont dvidem~ent pas absolues, mais les
diffdrences relatives entre matdriaux restent significativos.

- Emissions de fumde : Entre le four ot ]a pompe pdrlstalItiqpe est placE un opacimbtre dont la chambre a
une longueur de 5 cm et une section do 1 cc?. Quatre critbres sont retenus

d~laibdlapparition des fumdes (minutes)
-ddlai dobscurclssement maximum (minutes)
-quantit6-maximale 6mise % (100 % - visibilit6 nulle)
-quantitd totale dmise % (int~gration do la courbo)

- Analyse des gaz:
-Dosage do HCl, HF, HCN
Parall~oment au circuit principal, un systme do barbotago a Etd rdalisE. Une pompe pdrilstatique et
un ddbitm~tr permettent do mesuror ]a quantitd d'effluent gazeux rocueillie dans 1e barbotage au cours
do Ilessal.
En qulnzo minutesdessai, 3,75 1 do gaz barbotent dans 10 mit do solution. La quantlt6 do gaz trouvde
est ramende au vojumo d'air qui a traversE Ilencolnte au cours do Ilessal, puis donndeoen mg do toxique
par granme do matdriau engagE.
Llacideochlorhydrique~et lacide fluorhydrique sont dos~s par chromatographie liquide ioniquo avec
d~tection conductimdtrique. L'acide cyanhydrique et 1 acide sulfhydrique sont dosds par chromatographie
liquide lonique avec-d~tection Electrochimique.
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Cette technique permet de s'affranchir des probl~mes dlinterfdrences rencontrds lors des dosages poten-
tiom~triques noteniment lorsque les dl&,ents chlords, soufrds et azotds se trouvent simultan&ment dan-s les
fumdes sous form~e d'H2S, SO 2, N O, 0. HCH-et HCL notanment.

Les gaz acides sont hydrophiles. Aussi, af in d'dviter leur absorption le long des parois du circuit,
leur pr~Tvement se situe le plus Orbs possible de la sortie du four par I1ihterm.6diaire dun montage
en parallble.

Dosage des gaz en continu

A ]a sortie du d~bitw.btre, les effluents gazeux sont envoyds stir une baie d'analyseur. Chaque analyseur
est muni d'une bpompe qui aspire -le volume de-gaz n~cessaire a Vanalyse.

Compte teni de la forte ventilation assurde dens l'enceinte, la consa.mmation en oxygbne au cours de la
thermolyse n'a pas W mesurde.

*Dosages de CO, CO2 V1N0 - NOx, H 2 S+ 50 2
Pendant- les quinze minutes oi 1'essai, l'dvolution de la concentraiion de cheque gaz en fonction du
tem'ps est enregistrde aprbs 6talonnage avec des quantitds connues de chaque gaz.

Crit~res retenus -le d~lai dapparition du maximum de gaz d~gag6,
l a valeur de ce maximum donn6 en ppm volumique,

-la valeur mayenne de gaz regue ,jusqu'au temips dlincepacitation Ti2

3.3.2. Parambtres toxicologiques

Lldvaluation globale de la toxicitd des produits de thermolyse des natdriaux ne petit Utre approchde
qua par Ilexposition d'animaux. Les intoxications ont W effectu~es en ventilation spontan~e sur des
souris m~Ies de race Swiss et de poids compris entre 20 et 25 g.
- Etude de la mortalit6 La concentration Idthaie 50 %(CL 50), expringe en 9. de niatdriau par c? d~air mis

en jeu a W d~termin~a sur des lots de 5 souris expos~es pendant 15 ou 30 minutes et observdes ensuite
pendant 14 Jours.

Lorsque les animaux intoxiqu~s meurent, un temps mayen de mart est calculd.

- Etude de lincepacitation :De nombreuses observations lors d'incendie rdels ont montrd l'effet incepeci-
tant provoqu6 par les produits de d~composition thermique.

Nous avons utilisd tin sismographe. Une satis est placde dans tine enceinte close balay~e par les effluents
toxiques. Cette enceinte est fix~e sun tine lame flexible relide A ]'axe dun petit moteun synchrone. Les

* d~placenients verticaux de la lame provoquds par lPactivitd de l'enimal font taurner laxe du moteur qui
d~veloppe alors tin courant que Von enregistre. Deux moments sont repdnables :la diminution d'ectivit6
spontan~e (premier temps dincapacitetion =Ti 1) et lanrrt de Vactivit6 (deuxikme temps dincepacita-
tion =T12). Le tem'ps de r~cupdration est dgalement mesunable.

4 - RESULTATS DIESSAIS

La plenche N* 2 donne les r~sultats obtanus sur un des matdriaux testds. La planche N* 3 regroupe toys
les rdsultats en fonction des crit~res choisis. Avec ces rdsultats, tine premire epprache de clessement a
W dlaborde (planche 11' 4), suivant ]a rn~thode des d~classements comperds.

5 - ANALYSE STATISTkQUE DES DONNEES ET INTERPRETATIONS DES RESULTATS

Lorsqu'une 6tude exp~rimentale porte stir un nombre 6lev6 d'individus (mat~riaux) eux-m~mes apprdhend~s
par plusietirs caracteres (param~tres), on se trouve en prdsence de tableaux de r~sultats qulil est
impossible da nalyser globalement d'une favon simple et directe. Les analyses multivarides rdpondent
elors aux besoins.

5.1. Hl6thode des ddclassements compards

Si lanalyse en composantes principeles visualise des interrelations existent entre param~tes et entre
mat~riaux, alle n'eboutit pas S un clessement rdel. C'est pourquoi nous avons appliqu6 la m~thode des
ddclessements compards qui se ratteche aux mdthodes d'aide I ]e d~cision mais profite des informations
fournics par l'analyse pr~cddente.

Cette rn~thnde petit prendre -n consideration a la fois des critbres quantitatifs et qualitatifs connie
Ilinflanimabilitd, perdant ainsi le mains dinformations possibles. (Rdf. 5).

Le visqiie global est ddfinicoue tine grandeur A deux dimensions. le risque "feui' et le risque "toxicit&',
qul secont-traitds stir deux dchelles s~pardes avant d'6tre rdunis sur tin graphique o6 cheque matdrieu sera
repr~sentd par un paint image, dens des zones de risque.

Le risque 'fei' est apprdcid per las crithres de libdration de calories, dlinflarmabilitd, d'dmission de
fumdes et de perte de poids. Le risque toxique inst apprdcid par ]a mortalitd et las temps dincepacitetion.



34.4

5;2. Interprdtation des scores t
On petit constater que pour le risque feu,-le tissu "barri~re feti" est le meilleur des 5 produits tandisr

tie pour le risque toxicitd, c'est le pire ; remarquons A propos de ce produit que, contrairement aux iddes

6 - REPETABILITE DES ESSAIS A L'INTERIEUR DU LABORATOIRE

6.1. Analyse critique de la mesure de ]'incapacitation dans sa composante principale :Ti2

Pour chaque essai on donne le rapport du Ti2 au Tt2 moyen (Ti2) en groupant les essais par masses sem-
blables.Le trac6 de la droite de Henry pet-met de conna~tre ]a 101 de rdpartition des essais. La 101 est dite
normale si ic coefficient de corrdlation appeld R est stipdrileur a 0,95.

Distribution par matdriau (planche 5)

La mousse polyurdthane, le tissu barribre feu, ]a moquette et le polyester obdissent a ute loi normale.
Seule, ]a lamne a un comportement diffdrent. Ce r~sultat peut s'expliquer par le c6t6 exp~rimental, objet
de nombreuses mises au point. La lamne fut le premier matdriau testd et des modifications sont intervenues a
cours des essais. Les coefficients de variation sont acceptables pour les cinq matdriaux.

6.2. Analyse critique de la mesure CO et H 2S en continu (planche 6)

Cette analyse a dtd r~alisde stir les rdsultats donnds par la laine et la mousse polyurdthane. Stir les
courbes d'enregi.strement des gaz en continu, la valeur du maximum ddgag6 ne permet pas de comparer les r6-
sultats entre eux. 11 a donc W calctil6 ]a valeur moyenne des gaz jusqu'A l'apparition du Ti2. Logique-
ment, les animaix devraient 6tre incapacitds avec la m~me concentration de toxiques.

Les r~sultats donnent tin coefficient de variation allant de 11 % pour I'hydrogbne sulfurd & 27 % pour le
monoxyde cat-bone. Compte tenti du nombre non ndgligeable de facteurs aldatoires rencontrds au cours d'un
essai (comportement des animatmx, hygromdtrie), rdsttltats sont acceptables.

7 - CONCLUSION

Conmme constatd aui courb. de cet exposd, les rdstiltats obtenus avec 5 matdriaux sont tr~s prometteurs

-1'dquipement, four et accessoires de toesure de ]'incapacitation et du taux de fum~e, est trbs peti on&-eux,

- la mise en oeuvre est relativement facile,

- la dur~e des essais est courte (1/2 h aui maximum pour tine masse donn~e),

- le dosage des gaz en diffdrd, stir les prdlbvernents qui ont eti lieu aut cours de l'essai, p~nalise 16gbre-
ment son coOt si l'on utilise tine mdthode de s~paration par chromatographie ionique,

- on a constatd tine bonne rdpt~tabilitd des essais,

- ]a mdthode offre l'avantage de traiter des donn~es qualitatives et quantitatives.

Cependant quelques rdserves restent a faire stir le modble feut choisi

- il degrade instiffisanunent les matdriaux de nouvelle gdndration, ce qtii ggne leur classement compard
des essais pr~liminaires avec tine puissance de 3000 W1 ati lieu de 2000 51 ont dound des rdstiltats trbs
intdressants.

- signalons dgalement que le tnodble fey est insufissament ddfini :nos prochains essais auront pour
objectif de prdciser tous les parambtres entrant dans ]a phase chauffage balistique.

L'utilisatlon des animatix de laboratoire n~cessite cependant ]a proximit6 dune animalerie tr~s aut
fait du choix des souches animales. Le CEAT a rdsolti le problme en sladressant ati CNRS chargd de lui
fotirnir des souris par lot de 30 (6 essais).

Dans l'ensemble, le bilan est tr~s positif. Cette mdthode intdresse les organismes officiels de rdgle-
mentation a~ronatitique. Elle devrait Wte proposde aux organismes de normalisation AFNOR qui a leur tour
pourraient envisager de la proposer en normalisation ISO (internationale).
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SCHEMA DU MONTAGE

Planche No 1

TABLEAU RECAPITULATIF DES RESULTATS

Li L2 L3 11 L1 L17 LIS L14 L7 L4 LS L6 S8 L9 L12 L13

en qm3 dGnceont 98.6 101.6 101 94.8 98 95 115.8 122.8 21. 25. 126 125.9188.4188.8 188.3 187.6
I on g/m3 d'alr 17.3 17.8 17.8 16.7 17.1116.6 20.1 21.4 121.4 22.1 22,2 22.1 33,1 33.2 33.1 33

% d'umldlt0 I I I .44 I I 0 I I 5 50 50 44 44

Masse Initlale on g 6.31 6.5 6.47 6.07 6.27 6.10 7.41 7.86 7.8 8.05 .07 8.05 12.0 12.081120; 2.01
am on% 64 65 65 64.4 1 59 70 61.6 66.4 62.7 63 64.9 66.4 67 64.6 65.7.17

Auto-inflammatlon rn no non non _ non non non no no n no no -non non ron

Temp6rature do fin dossa n *C 410 090 408 408 248 234 428 392 406 456 446 450 444 472 486 470

klr do matl6lau 12.5 6.1 21.0 13.1 6.7 9.1 D ND 11.5 21.9 22,2 22,4 9.3 11.0 15.5115.6

Opad[60otaleen% 1.9 1.5 1.5 1.4 0.7 0.8 1.9 1.9 2.9 1.6 M0 1.05 4.85 4.7 12.8 6.9
opac!16 maxlmum an % 5.3 3.4 2.1 4.1 6.6 6.4 8.4 8.4 7.9 5.1 1I 3.1 6 12.7 20.6 23

(CN en mCgg do matldau 13 0.8 10.6 14.5 1 1 1 1 8.8 10.2 16.4 12 5.8 7.9 10.2 9

11-12S! an mgg do rnatatzu I I 1 18.5 I I " 1 1 15.1 16.6 20.4 12.2 10 15.1 17.3 15.4

Nombto do souds morlas 2 2 0 1 a 0 3 ' 3 3 2 -2 4 5 1 6

jncpadt aon T 3.8 3.8 4.5 I 4.S 4.51 4 3.8 135 4,5, 3.45 3.5 1.5 I 3.5 4

onminutes 12 10,2110.7 1I4 11:3 9.3 7,5, 7.5 7 .4

MATERIAU LAINE

Planche No 2

- -o- .
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RESULTATS SUR 5 MATERIAUX VS CRITERES

LAINE- MOUSSE FBL TISSU POLY ESTER MOQUETTE
AUTO

INFLAMMATION NON OUt NON NON OUI NON
CONO CRITIQUE _______

(9/m3) - <80 - <240 240

%PERTE MASSE 64,6 92,9 -31,2 58,4 84,6- 63,7
Ecart type 2,5 2,5 4,9 8,8 4,2 4,8

OPACITE TOTAL ______ __ ___________

(91m3) ___

.2,500 130 80 >240 120
50/ 180 120 - ________ 234

100/ - 150 - ___

Degag. cal.(kJg _14,1 1,67 -1,3 -8,77,
Ecart type 5,8 0,88 -1,67 -2 21

CL5O% l5mn ____

(9/m3) 110 130 80 200 200

Ti2 lOmn I
(g/m3) 100 <80 <80 >240 240

TABLEAU RECAPITULATIF VS CRITERES

Planche N0 3

METIIODES DES DECLASSENENTS COMPARES

CALCUL DES PENALITES

RISQUE FEU 5ci~e

Perte de ma Se.autoinflammation.d~gagement.
calorique.opacif4 maxi.opaclt4 totale.

MO~CUSSE TISSUI.AJN POLYURETHANNS BARRIERE FEU (F BL) POLYESTER MOMMTE

TISSU FBL < MOQUETTE<LAINE MOUSSE PU<POLYESTER

RISQUE TOXICITE: 3 ct~re

POLYESTER- MOQUETTE<LAINE < MOUSSE PU <TISSU FBL

Planche N' 4

~ ~ ~ - ______77,
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DISTRIBUTION PAR MATERIAU

S-LAINE MOUSSE FEIL POLYESTER MOXQJETTE

lbre essal4 I 1(l 12 8 12(.1) 9

R 0.93 0.98 0.97 0.95 0.95

Ecart lype[ 0.04 0.08 0.05 0,04 0.07

Planche N0 5

TENEUR DES GAZ
en ppm volumique

de linstant T = 0 a 1'instant T Ti2

MO'Yt'E ETENDUE ECA1RT-TYPE OFIE
DEVA1IATION

C) 250 140 62 25%
H2S 194 4 0 21 11%

HOUSSC 03 283 220 78 27%

ANALYSE STATISTIQUE DES RESULTATS

Planche NO 6

7I
CI
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DISCUSSION

Y. TSUCHIYA (comment) 
D

Subcommittee 3 of ISO/TC92/ ( Fire testing of building
materials, components and structures) is studying fire gas
toxicity for 10 years. Its working groups focus on:

1. methods of pyrolysis and combustion to produce test
atmospheres.

2. chemical analytical methods.
3. animal testing.
4. use of experimental results.

Results of study are applicable to the toxicity problems in
aircraft fire. It is suggested that researchers in aircraft
fire gas toxicity contact the ISO group.

J. STEWART.
The tests on fire blocked material showed that it does

not release much smoke but eventually it does give out very
toxic gases. Does this indicate that passenger protection is
necessary for the passengers to obtain the benefits which f're
blocking may afford?

AUTHOR'S REPLY:
Dans ce cas, il fautassocier les deux protections:
1: contre le feu avec le "Fire blocking layer" (FBL)
2: contre les gaz toxiques avec les cagoules (smokehoods).

M. HILLMAN.
Did you have any 'control' tests to determine results and

incapacitation times due to heat effects alone (combination
of hot air due to electrical heaters and combustion occuring),
as these may be additional to or override the toxic effects.

AUTHOR'S REPLY:
Dans nos essais, nous faisons en sorte que la temperature

au niveau des animaux ne d6passe pas 40 *C. Les longueurs des
tuyaux sont ajust6es pour ne pas d~passer cette temp6rature;
nous 6tudions l'effet toxique sur les animaux, non l'effet de
la temperature.
La conf6rence de M. Purser fait 6tat de l'influence de la
temp6rature sur le temps d'incapacitation.
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PASSENGER BEHAVIOUR IN AIRCRAFT EMERGENCIES
INVOLVING SMOKE AND FIRE

Claire Harrison BA MSc and Helen Muir MA PhD
Applied Psychology Unit, College of Aeronautics

Cranfield Institute of Technology, BEDFORD, MK43 DALSi
A review of the accident l'iterature has indicated that in aircraft
emergencies involving'smoke and fire both environmental and
behavioural factorswill, influence passenger survival rates. These
factors include the-'number of operational exits, the presence of
toxic fumes, the extent to which anxiety, disorientation, feelings
of depersonalization, panic and behavioural inaction occur among
the passengers. Furthermore, in situations in which life is placed
under severe threat, in addition to the experience of fear, people
will compete with each other in order to survive. As a consequence
the orderly process of evacuation for which passengers are briefed,
frequently breaks down and the behaviour of passengers appears to be
confused and disorderly.

nan -experimental programme, a series of evacuation exercises were
performed, in which incentive payments were made In order to intro-
duce the element of competition which is known to lead to a disorder-
ly evacuation in some aircraft accidents.

Using this technique six configurations at the vestibule prior to
the Type I exits, and seven seating configurations adjacent to the
overwing exit have been investigated.

INTRODUCTION

Aircraft accidents may be classifed according to a number of criteria, the most
critical of whifh beihg whether the accident was survivable. Utilising this classifl-
catory system, it is possible to assign accidents to one of three groups:

(a) those which are FATAL or NON-SURVIVABLE. Accidents in which none of the
passengers or crew survive (for example: the Air India 747 in 1985 and the Pan Am 747
in 1988, in which the crash forces were of such severity that all onboard were
killed instantly)

(b) the NON FATAL or SURVIVABLE, in which all the passengers and crew survive (for
example: the Tristar-which overran th runway in 1985 at Leeds-Bradford Airport)

(c) the TECHNICALLY SURVIVABLE, a grouping which includes the British Airtours 737
accident at Manchester Airport in 1985, and the British Midland 737 which crashed
onto the MI near East Midlands Airport in January 1989. Accidents in which some of
the passengers or crew survive.

The world wide accident statistics indicate that the number of accidents in all
three categories has decreased over the last two decades (Re: Figure 1). Despite this
the pioportion of passengers and crew who survive aircraft accidents has not improved,
even when the data from those accidents considered to be non-survivable has been removed
(Re: Figure 2). Thus,although the likelihood of being involved in an accident has
diminished, the chances of successful egress has not increased to a significant extent.

Since approximately 90% of aircraft accidents are categorised as survivable or
technically survivable, recently steps have been taken by the UK's CAA and the FAA in
the United States in an attempt to reduce the number of fatalities. These improvements
have included the introduction of floor proximity lighting and fire blocking materials.
The b~haviour of- passengers and their impact on emergency evacuations has also come
under scrutiny. It is anticipated that with a comprehensive understanding of behaviour
in highly stressful and disorientating conditions, steps can be taken to improve the
probability of a successful evacuation of all passengers from the aircraft.

As yet little research effort has centred on the impact of passenger behaviour on
aircraft emergencies. However, it has been possible to extrapolate information from
other disaster situations, such as building fires and earthquakes. This information,
along with reports from survivors of recent aircraft accidents, has been used to build up
a representation of the types of responses which passengers adopt and the impact of such
behaviours within the cabin, particularly In those emergencies which involve smoke and
fire.

Information obtained from accident experience suggests that fire and smoke are the
most serious environmental factors to affect an aircraft accident. The presence of
either is one of the primary reasons for initiating an evacuation, for example: the Air
Canada DC-9 descended into Cincinnati Airport In 1983 following the discovery of an
inflight fire In the aft lavatory. Equally, post Impact fire has a dramatic effect on
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the efficiency of the evacuation and the types of behaviours displayed by passengers.

Smoke and fire have the potential to limit the number of exits available-for egress
and produce toxic fumes, factors which will consequently induce certain behavioural
responses.

(a) Limited Number of Exits

If smoke and fire are outside the aircraft when an evacuation is initiated the
number of exits is often limited, as cabin staff are trained not to open exits which may
allow fire ofo smoke-to enter the cabin. Equally, passengers are directed away from areas
within the cabin in which fire'and smoke are present.

A limited number of exits obviously increases the demand on available escape routes.
Accounts from survivors of the British Airtours Boeing 737 at Manchester in August 1985
indicate that passengers egressed over seat backs and forcibly pushed themselves towards
exits. Only to be confronted with a mass of-bodies pushing forward to the doors. It was
noted that human blockages occurred adjacent to the overwing exit and at the vestibule
area of the galley. Blockages which dramatically decreased the efficiency of the
evacuation, as passengers were overcome by smoke and trampled by others in the anxiety
ridden push to the exits.

(b) Toxic Fumes -,

If fire or smoke are present in the cabin and are allowed to persist they create an
environment which impairs breathing and vision. Equally the combinations of toxic fumes
which emulate from cabin fires also have the potential to influence psychological
functioning, which may, in turn, affect the behavioural responses of individuals in an
emergency evacuation.

In addition to the specific impact of smoke and fire, toxic fumes can also lead to
a number of behavioural responses which include disorientation, anxiety and depersonal-
ization.

(i) Disorientation

Smoke generated from aircraft fire is normally dense and black, consequently
reducing visibility and inducing disorientation. This reduction in visibility has
two-fold effect, it will increase levels of anxiety and passengers may enter areas of
the aircraft from which there is no escape.

(ii) Anxiety

Passengers in an emergency situation are required to make a series of novel and
difficult responses, in a situation which is potentially life threatening. It is hardly
surprising that optimum egress does not occur, especially in view of the effect of
anxiety on performance which has long been khown to exist. The level of performance
attained on a task being dependent on the level of anxiety and the complexity of the
task (Re. Figure 3).

Figure 3
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PERFORMANCE

SIMPLE

DIFFICULT TASKS

TASKS

POOR
PERFORMANCE

LOW ANXIETY MODERATE ANXIETY HIGH ANXIETY

THE RELATIONSHIP BETWEEN LEVELS OF ANXIETY AND PERFORMANCE
FOR BOTH SIMPLE AND DIFFICULT TASKS

Yerkes-Dodson (1908)



Simple tasks- such as, unfastening the lap belt become more difficult in emergency
situations. In fact, many passengers revert to actions which would release a car seat
belt. Fear, itseems, increases the likelihood that the most frequently used response
is made.

(iii) Depersonalizatiun

A sense of fear and reduction in performance are not alone in being a characteristic
response to an emergency situation which involves fire. People who have encountered life
threatening events often say that the passage of time slows while mental activity
increases. Althbugh by detaching themselves from the actual situation, and acting as an
"observer", they seem better able to think and respond effectively.

Such depersonalization may account for the reactions of passengers during the period
prior to three premeditated evacuations, studied by Robson in 1973. Of the 268 indivi-
duals, cabin staff classified 35% as calm, 47% as mildly agitated, 2% as very agitated
with less than 1% exhibiting signs of uncontrolled panic.

Such a breakdown may give an indication of the patterns of behavioural response
exhibited by passengers during actual emergency situations. The types of response
frequently cited in literature from other situat

4
on., such as building fires,and borne

out in survivors statements are: Fear-Flight, Panic, Behavioural Inaction and Affiliative
Behaviour.

Fear-Flight

The fear response is the dominant reaction when survival is threatened. Anxiety
and its physical concomitants are familiar - racing heart,tenseness of muscle etc.

Earliest psychological investigations of fear identified two responses, one of
"flight" from the area ie. escape; and one of "fight", ie. attacking the agent of harm.
It is unlikely that passengers would respond to an emergency onboard by attacking the
agent of harm. However, fear-flight may be of some relevance.

In fact it may be possible to sub-divide the fear-flight reaction. Behavioural
reaction to a small cabin fire, whose origins may be a seat, may be flight from a
specific area. In comparison, if- the threat to a passenger's well-being is more intense,
the flight response may be more dramatic. Even to the extent of disregarding the Sdvice
of cabin staff and attempting to escape before the aircraft comes to "est.

Fear, it should be noted, underlies all the behavioural responses to aircraft

emergencies.

Panic

According to the panic scenario, people threatened with entrapment compete in an
animalistic manner for limited access to an escape route.

The term panic has been used to such an extent that we anticipate that we will act
accordingly in a disaster and will also expect others to respond in a corresponding
manner. It is therefore surprising to find that Robson in 1973 indicated that less than
one percent of passengers displayed responses akin to uncontrollable panic. A result
which is borne out in widespread analysis of disaster situations.

The incidence of panic may increase with the severity of the accident, being at
its highest in accidents which involve considerable fire and smoke.

Incidences of panic may be explained if behaviour is viewed as a reflection of an
individual's appraisal of the high stress situation. Lack of familiarity with the
aircraft interior in the presence of smoke may lead to blockages at certain exits.
Such blockages may appear to be highly irrational to someone who learns after the event
that other exits were available. To the individual, in the situation, who does not
recognise or observe the existence of these alternatives, attempting to fight his way
to the exit may seem a very logical choice as opposed to burning to death.

Behavioural Inaction

Unlike panic, behavioural inaction has received little attention, yet evidence from
disaster situations seems to indicate that it is a more likely response than that of
panic in a high stress situation.

The analysis of four disasters, led Allerton (1964) to conclude that between 10 and
25% of people did little or nothing to escape from danger. This totally inappropriate
response has also been observed in aircraft accidents. A number of fatalities on the
Air Canada DC-9 accident in 1983 were located in seats which had been allocated to them
before take-off. Equally, a number of passengers onboard the taxiing Boeing 747 at
Tenerlffe in 1977 were judged by their fellow passengers to make little attempt to
escape from the burning aircraft.

It Is suggested that individuals do little or nothing to escape as they are uncertain
of what action is the most appropriate. A response which is hardly surprising in view of
the rapidly changing events in a highly dangerous situation.

- '(--* - - - -
- ~~**t- .- -
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AffiliativeBehaviour

Affiliative behaviour is characterised by movement towards the familiar. The
direction of escape, it seems, will be related not only to the location of the threat
but also the location and degree of familiarity of the individual with the place andother people.

-Although of diredt-relevance to behaviour in building fires, it may also be
applica6le to aircraft-emergency situations. Movement towards the familiar in terms of
people will beminimal, as friends and family are usually seated together. The attrac-
tion of the door of embarkation, ie. the familiar, has been noted in many emergencies.

Escape-behaviour displayed by passengers does indicate that attachment, again the
familiar, has survival value. Individuals tend to act in an altruistic manner ensuring
the safety of family and friends, while disregarding others who are unknown.

In addition, passengers attachmefit to their hand luggage has often been observed,
ie. many passengers insist on taking their personal belongings with them when undertaking
an emergency evacuation. It seems the perceived value of the contents obviously out-
weighs the risk they believe they will encounter if they take it with them.

The way in which passengers react to any emergency will be a reflection of their
appraisal of the situation. This appraisal is influenced by many factors including their
age, sex, cultural origins, previous experience and their consumption of alcohol prior
to the event. The effectiveness of these responses differ, and consequently differentials
exist in survival rates between groupings.

At the present time, reliance has to be placed on the statistics which relate to
deaths, which leads to the assumption that those who die during their attempts to escape,
respond in an ineffective or inappropriate manner.

At this point, one can only suggest that the old and young are at a disadvantage,
especially in accidents in which speed, strength and agility play a dominant role.
However, past experience, knowledge and a mental plan of how to escape seem to aid egress
even in the presence of dense smoke.

SUMMARY

The evidence available from aircraft accidents and other situations in which life
is under severe threat, suggests that people are (a) very frightened and (b) will compete
in order to survive. A scenario which is particularly pertinent to accidents which
involve smoke and fire within the cabin, such as the British Airtours 737 accident.

In such situations, the orderly evacuation Which is seen in the 90 second aircraft
certification demonstration breaks down. Rather than working in collaboration to get
everyone out of the aircraft as quickly as possible, the threat to life is perceived
to be so intense that each individual's behaviour is directed towards survival. In some
instances the objective may extend to include the survival of members of their family.

The resultant egress is disorganised, with passengers travelling past open exits,
others near exits not iurviving the accident and In some instances, blockages occurring
in aisles and surrounding exits.

CRANFIELD EVACUATION TRIALS

In response to a request from the UK CAA, the Applied Psychology Unit at Cranfield
initiated an experimental programme which attempted to investigate the effects of
passenger behaviour on flow rates during emergency evacuations. The objective being to
assess the optimum width of the bulkhead prior to the Type I exit, and the seating con-
figuration adjacent to the Type III (overwing) exit. The following configurations have
been under review:

Bulkhead width
(I) A width between the galley units of 20"
(ii) A width between the galley units of 24"

(lii) A width between the galley units of 27"
(iv) A width between the galley units of 30"
(v) A width between the galley units of 36"

(vi) Port galley unit removed

Overwing seating configuration

(I) The CAA minimum prior to Airworthiness Notice 79, with a se~t pitch of 29"
(ii) A configuration with a seat pitch of 29"

(iiI) The CAA alternative standard in Airworthiness Notice 79, in which the seat
row located In-line-with the exit has the-out board'seat removed. The seat
fore and aft being at normal seat pitch of 32"

(Iv) The CAA standard, specified in Airworthiness Notice 79, with a seat pitch of 39"
(v) A configuration with a seat pitch of 44"

(vi) A configuration with a seat pitch vf 51"
(vii) A configuration with a seat pitch of 60"
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N.B. In conditions lii) to (vii) the seat rows bounding the exit routes should have
limited recline or break-forward

Re: Appendix A and B

In order to make the evaluations as realistic as possible a system of incentive
payments was introduced. This technique has been utilised successfully in laboratory
work in the behavioural sciences, in an attempt to influence the-motivation and perfor-
mance of-individuals and.groups., In the Cra~ifield-6xperlmental programme, the scheme
was adopted in order to introduce an element of.competition between the participants.

Volunteers were asked to perform four evacuations, for which they were paid a £10
attendance fee, with a-bonus of £5 paid to the first half of the volunteers to exit the
aircraft on each evacuation.

Participants were aware of the incentive payment scheme prior to undertaking the
first evacuation, in-order to reproduce the competition. Volunteers were not, however,
given any information regarding the exits or configurations under review.

On each of the 28 test days, four of the thirtien configurations were assessed,
two through the bulkhead and two via the overwing exit. The design of the experiment
was such that twelve of the configurations were undertaken aminimum of eight times.

The programme aimed to achieve as much realism as safety would allow, thus the
evacuations took place in a Trident aircraft parked. on the airfield at Cranfield. In
addition the volunteers were given a standard pre-flight briefing prior to each evacuation
by members of the research team trained and dressed as cabin staff. The volunteers heard
taped noise of the engine start up, taxi down the runway, which were followed by a series
of unexpected noises and the call to evacuate.

To ensure that the cabin configurations were evaluated rather than other extraneous
variables, the exits were opened by members of the research team and subjects egressed
via ramps mounted outside the doors rather than chutes.

Each evacuation was recorded using video cameras (with time bases) mounted in the
interior of the aircraft and outside the exits. Volunteers were also asked to complete
questionnaires at the conclusion of each evacuation.

RESULTS

Over 1550 volunteers took part in the trial series, an average of 55 volunteers
on each trial day. For safety purposes these individuals were between the ages of 20
and 50, and passed fit by the doctor present at the evacuation site. Of these 71% were
male, with the mean age of participants being 28.8 years (sd.7.6).

At the conclusion of the 28 trial days, 111 evacuations had been performed

(deteriorating~weather conditions made it hazardous to initiate the final evacuation on
one day). On 7 occasions it was necessary to halt an evacuation, as the number of
volunteers attempting to pass through the exit led to a situation in which individuals
were physically stuck in the aperture or individuals were at risk of being trampled by
others. Consequently, the safety officer considered it dangerous to continue.

a ith the quantitative and qualitative data which has been gathered, it is antici-
pated thdt it will be possible to specify the optimum seating configuration adjacent to
the Type Iil exit and the dimension of the bulkhead prior to Type I exit. At the present
time the analysis of the results is at d preliminary stage.

The video-and questionnaire data from the trials has also provided an insight into
the dynamics of behaviour within the cabin in an actual emergency. Aisles and exits have
been blocked by the sheer numbers of people trying to egress, volunteers have walked over
others, many have searched for friends and families before making attempts to egress,
although not seated in the same vicinity. Similarly, some participants managed to by-
pass others and come from the back to the front of the aircraft, some volunteers near
operational exits did not achieve the bonus payments and a percentage of volunteers had
problems undoing seatbeWts. Within the trials, theinstances of panic have been negli-gible whilst there was a notable number of volunteers who were unable to move ie.
behaviourably inactive.

On a trial by trial basis, the variation in terms of aggression, types of behaviour
displayed and consequently evacuation times,was great. This 'ndicates the need in
evaluations of this type, for a considerable number of repetitions to achieve reliable
and valid results.

In addition, the trials have indicated that the introduction of incentive payments
could- be of great value. The technique has the potential to provide statistical data,
required-for the assessment of design options or safety procedures for use in emergency
situations.

Since the volunteers in the trials do not represent a cross-section of the travel-
ling public, it must be argued that in a real emergency the problems highlighted by the
findings could only be worse.
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In 1989 the programme of research is to-be- extended to include investigations of:

(a) The influence of the configuration at the Type I and Type III in orderly

evacuations, akin to those in aircraft certification demonstrations.

(b) The influence of non-toxic smoke on the behaviour of passengers in the
assessment of the configuration at'both the Type-I and Type III exit.Ii
It will therefore be poss'ible to assess the impact of passenger behaviour on exit

routes when (i) passengers are exiting in an orderly manner, (ii) motivated to compete to
egress and (iii) in conditions. involvidg smoke.

REFERENCES

1. Marrison, Muir and Taylor --"Passenger Evacuation - A Literature Review" (1987)

2. Robson - "Passenger Behaviour in Aircraft Emergencies" (1973) Royal Aircraft
Establishment Technical Report No. 73106.
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APPENDIX 
A.

GALLEY GLE
UNIT LIMIT

-2m0"-

TEST 1 WIDTH BETWEEN THE GALLEY LIMITS
20 INCHES

G. ALLEY GALLEY

LIMIT LIMIT

- 24!'

TEST 2 WIDTH BETWEEN THE GALLEY LIMITS
24 INCHES

]~

GALLEY GALLEY
LIMIT LIMI

27" - ":: :: "' :'

TEST 3 WIDTH BETW1 EEN THE GALLEY LIMITS
27 INCHES

4'

___
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SGALLEY"GLE

TEST 4 WIDTH BETWEEN THE GALLEY LIMITS

30 INCHES

[GALLEY 'GALLEY
LMTLIMIT

TEST S WIDTH BETWEEN THE'GALLEY LIMITS

36 INCHES

TEST 6 LEFT SIDE GALLEY LIMIT REMOVED

1 $
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APPENDIX B.

29'

TEST 1A SEAT PITCH 29 INCHES

VERTICAL PROJECTION 3 INCHES

i

29. ' "

TEST 1B SEAT PITCH -29 INCHES
VERTICAL PROJECTION -3 INCHES
(SEAT BACKS TO REMAIN IN A RIGID POSITION)

..
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f I
32- 32"-

TEST 2 SEAT PITCH-321NCHES
VERTICAL PRO JECTION - 6 INCHES
EQUIVALENT TO AN 79 REQUIREMENTS

WITH OUTBOARD SEAT REMOVED

Iii

I ~-i

TEST.3 SEAT PITCH,- 39"IN'CHES

VERTICAL PROWECTION- 13 INCHES
EQUIVALENT TO AN 79 REQUIREMENTS ,

I I

I I

LW



44"

TEST 4 SEAT PITCH-44INCHES
VERTICAL PROJECTION -18INCHES

25"

TEST 5 SEAT PITCH-5I INCHES
VERTICAL PROJECTION - 25 INCHES
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34,
60"

TEST 6 SEAT PITCH- 60 INCHES

VERTICAL PROJECTION- 34"INCHES
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. KAUFFMAN
Would you comment on the psychology of emergency door

opening?

AUTHOR's REPLY:
At Cranfield we have not studied the psychology of emergency

door opening. We hope to conduct studies on this problem in
the near future.

E.R. GALEA
Is there any evidence to suggest that passengers who have

survived aircraft accidents had pre-arranged emergency exit
plans? Does the apparent lack of bonding between the passengers
have an adverse effect on the reality of your experiment?

AUTHOR's REPLY:
There is some evidence to suggest that schemas of escape

are beneficial. All the survivors of the Air Canada DC-9 accident
at Cincinnati claimed to have adopted a strategy prior to the
evacuation of the aircraft.

Within the Cranfield evacuation trials, there was a number
of instances of affiliative behavior, i.e. friends and family
did not evacuate untill they had found their companions. Future
studies in the effect of "bounding" an evacuation behavior could
make a valuable contribution.

T. MARTIN
I am suspicious of the validity of payment incentive trials.

Did you have any "stooge" passenger who acted altruistically
or did not move at all? In addition, have you completed similar
evacuation trials with no payment incentive?

AUTHOR's REPLY:
Payment on performance is a well known technique used in

behavourial studies. As our trials are at an initial stage,
"stooge" passengers have as yet not been introduced into the
competitive evacuations. We are in the process of conducting
evacuation trials with no incentive payments incorporated into
the design.

M. DE LA PENA
Have you been able to take a view on the effects -on

evacuation time- of toxic or irritant gas. Might there 'be a
way of setting up such a research which of course would provide
invaluable data for the ultimate aim of improving passenger
survivability.

REPLY FROM D.A. PURSER:
It is possible to expose people safely to irritant obscure

smokes with very similar characteristics to real fire smokes.
This type of exposure has been performed with volunteer soldiers
at Porton UK. Experiments on volunteers moving through a corridor
while exposed to both irritant and non-irritant smoke have been
performed by Jin in Japan. Irritant smoke greatly slowed movement
rates.

COMMENT FROM J. STEWART:
I/Trials using toxic smoke, where the degree of toxicity

is realistic, would not be ethical.
2/In the DC-9 accident at Cincinnati, the apparent absence

of response may be explained by the effect of carbon monoxide.

j 4
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SMOKEHOODS DONNED QUICKLY -
THE IMPACT OF DONNING SMOKEHOODS ON EVACUATION TIMES-

J.H.B. VANT, Dip. Econ D., M.Phil., P Hb., MIAAPs., MBIM., FIPM.
Airtians'drt User Committee, 2nd.,'Floor, Kingsway House, London, WC28 6QX

SUMMARY

765 volunteers aged between 18 and 50 took part in 9 simulated emergency evacuations in clear air and smoke with
and without ventilated smoke hoods. Analysis of differences between the experimental conditions, age, sex, seat
location, exit and test run showed that the key factor was seat location. While tie wearing of hoods and the presence
of smoke both increased the evacuation times the interaction beiween these separate factors was negative, indicating
that the use of hoods in the presence 6f smoke was less thdri the sum of the additional times attributabli to 'smoke'
and 'hood'. A quadratic response surface model enabledthe evacuation time for each'seat to be predicted for each
condition and show that evacuation time increases with the distance from an exit and the aisle. It was concluded that
the wearhig of smoke hoods should not significantly impede the ability of passengers to evacuate an aircraft cabin
in an emergency.

SECTION ONE - THE INVESTIGATION

THE STUDY
Theaimof thestudy was to observe and recerd theeffects, if any, on timings and passenger behaviourofdonning smoke
hoods during a simulated emergency evacuation of an aircraft passenger cabin in both clear air and smoke; to report
upon these observations and draw contclusions therefrom. It was planned that four evacuations would take place in
clear air (2 with and 2 without smoke hoods) and that six would be undertaken in 'smoke' (2 without smoke hoods,
2 with smoke hoods and 2 in an in-flight fire situation using smoke hoods). Therefore, the investigation centred on
the impact that the donning of smoke hoods might make on the overall timings of such events.

In terms of money and resources the overall cost of this study was in the region of £250,000. Funds and materials
were donated by finns, local authorities, airline operators, trade unions, commercial radio, television services and
individuals in North America, the Pacific Basin, Australia, Europe and the United Kingdom. In excess of 1,500
individuals freely gave their time to fulfil the role of support staff and as participants in the tests. The Civil Aviation
Authority contributed £12 ,000 to cover the direct costs of the in-flight fire tests; the regulatory authority extended
its existing insurance arrangements to include the event and provided a lime-expired engineless Trident Ill aircraft
from those located at the Civil Aviation Authority Fire School, Tees-side.

The test method was developed from the aborted take off evacuation demonstration procedures used by operators and
as many variables as possible were eliminated. It was agreed with representitive of the Civil Aviation Authority that
the timing of individual tests commenced when the signal to evacuate te cabin was given to the cabin crew by the
controller and ended when the last participant crossed an exit threshold. Individual timings were treated in the same
manner. Thus it was possible to substitute ramps for slides as a means of descending froia the aircraft fuselage to te
ground; this was seen to be a significant factor by the Medical Ethics Committee conc:med and those providing
insurance cover. Furthermore, it was possible to ensure that the timings of the evacuatio:s were in no way clouded
by participants hesitating at the threshold of slides.

Theparticipaits fulfilling the role of passenger, for the tests which took place from the 27th ofApril to the 2nd of May,
1987, used the rear cabin of tie time-expired engineless Trident III aircraft. The front cabin, stripped of seats, was ,
used for observation and the siting of special equipmenL The seating configuration was standard six-abreast Coach/
Economy, all of which were fitted with seat belts. Eight five of the one hundred seats (appropately identified) were
used to seat participants in the tests. The remaining fifteen seats were utilised for safety monitors/first aid assistants
and the siting of safety equipment. Seating was provided for twvo cabin attendants. However, itwas not possible to
obtain shoulder harnesses for their use. A third cabin attendant was stationed at the public add; ess microphone located
alongside the centre left entrance. The standard aircraft public address system was used.

Only the left centre and right rear exits were used for egress. Participants boarded the aircraft by means of the former.
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No attempts were made to disguise the exits tobeusedduring the tests. For reasons of safety the unused overwing
exits were sealed with protective tape.

PASSENGER SMOKE PROTECTION EQUIPMENT
Du Point PELS type smoke hoods were used for the study. Whi!e the design incorporates a breathable gas supply, for
the purposes of the tests the gas cylinder was a dummy and unobtrusive ventilation holes were provided. This hood
gives all round visibility so that no specific orientation to theface was needed. Thecabin crew did notuse smoke hoods.

The smoke hoods were individually packed in yellow vinyl pouches taped on the rear of the passenger seats above
passenger serving trays. Where seats faced a bulkhead the pouches were taped to the bulkhead ata similar level. The
flaps of the vinyl pouches were retained by a velcro fastener and therefore extraction of the smoke hood was simple
and easy,

SMOKE
The choking and irritant smoke encountered in aviation fires could not reasonably be applied to those taking part in
theTees-side tests.. Therefore, with the intention of bringing about a change in behaviour on the part of participants,
non-toxic theatrical white smoke, generated from six units placed at selected points in the cabin overhead stowage
lockers, was used.

The signatory to the application to the Medical Ethics Committee, the observer from the Federal Aviation Authority,
the Exercise Controller, the Site Cocrdinator and the Safety Officer met on board the aircraft to decide the appropriate
level ofsmoke to be applied. Smoke was discharged at a numberof timeddurations ranging fromfiveto thirtyseconds.
In turn these discharges were related to the time required on each occasion to ventilate the cabin and regain an
acceptable level of visibility. In addition, a check was made to ascertain that, within a reasonable time limit, the fall
of'smoke within the cabin was uniform. A ten second discharge of smoke proved to be the maximum that could be
produced while still achieving the time spanset, by the CivilAviationAuthority Safety Officer, forregaining adequate
visibility in the cabin (i.e. visibility of all the participants in 25 seconds and 90% of all smoke exhausted within a
minute).

In order to ensure that the condition in the "smoke with hoods'tests would gain acceptance by the Federal Aviation
Administration in the United States of-America, it was agreed with their observer that the cabin crew's direction to
don hoods would be as the falling smoke reached the top of the seat backs. This decision - influenced by die belief
thatin situations where smoke protection was available this was likely to be the longest period of time passengers
would tolerate smoke without doming hoods - was conveyed in a statement made to the Medical Ethics Committee.

PARTICIPANTS
The requirements for insurance cover and the needs of the Medical Ethics Committee called for participants to be
within the age range of 18 to 50. Nevertheless, within such constraints endeavourswere made to align tie volunteers,
as far as practicable, to the North Atlantic passenger pattern; It was intended that 30% of each cabin load would be
female and that no simulated infants would be carried.

Eighty fiveparticipants tookpart in each test. They were volunteers from the North East of England recruited through
local radio broadcasts and otherdirectarrangements by Community Service Volmiteers (CSV). Almost all came fromoutside the aviation community and many had never flown. None had particip-ited in an escape simulation within the
previous six months and none took part in more than one test.

Only 900 of die 1295 men and women recruited through the radio phone-in programme could be related to the test
requirements and difficulties were noted in readily obtaining male volunteers solely by this means. A shortage of
participants on the first day brought about the cancellation of the second test due to be undertaken on the 27th April, -
1987. Subsequent participant shortfalls, while not critical, impacted to some degree on the intended participant
profile. However, it will be seen from die statistical analysis t),"t die effects of sex and age were not found to be
significant and therefore it was possible to exclude these variables.

Prior to being medically screened, all participants were given a general briefing on the event; thereafter they were
offered, should they wish to do so, the opportunity to withdraw from the tests. Participants were also required to
complete a form of informed consent.

Participants were asked to complete questionnaires following the tests in an endeavour to determine their attitude

- .-
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towards'the smokehood, solicit'cbniints that iight disclose general problems6 in relation to the equipment and
indicate the retention of the Ore-flight rafety itiiectitfis that were applied.

CABIN CREW-
Three British Airways cabin attendants familiar with th6 Trident I and the operati6n of its doors volunteered to take
part in'the tests; they were briefed on the exit to be used and the maimer in which the tests were to be run. They also
contributed to the modification of the pre-flight briefings for"smoke hoods". No flight deck crew were provided. A
standby cabin crew was made available by the French Cabin Attendents' trade union.

PRB.FLIGHT BRIEFING'
The standard pre-flight safety briefing was given with the addition, where a-ppropiate, of smoke hood iiformation.
Reference was mad to the briefing cards which had been realistically adapted to show the cabin layout for the aircraft
utilised. Two sets were provided; one with the necessary smoke hood access and donning procedures, and another
without such smoke hood material for use in situations of clear air-and smoke without hoods.

After the safety briefing, cabin attendants checked to ensure that seat belts were fastened and handed out newspapers
to those who wanted them. Thereafter, recorded engine noise was applied and time was provided for the participants
to settle down in the cabin.

TEST DURATION & THE EVACUATION
Each test and timing started on a predetermined signal from the Exercise Controller to the cabin attendant located in
the area of the leftcentra exit. This member of thecabin crew then issued the command over thepublic addresssystem
to the participants to evacuate the aircraft in a predetermined instructions which chimed with those currently used by
British Airways. The format of the commands used related to each of the test situations. As has been indicated the
timings of each test ended when the last participant left through either of the exits.

Six closed circuit television cameras and one heat seeking camera were used to provide a record of the tests. Two of
thecameras covered theexit externally at the leftcentre and rightrearexits to the aircraft; afurther twocameras covered
these exits from inside the aircraft and two other cameras covered internal longitudinal views from each end of the
rear cabin. A heat seeking camera also provided a longitudinal view down the cabin towards the rear of the aircraft.
The heat seeking camera was utilised to monitor participants during the tests utilising smoke as well as to maintain
a CCTV record of such events for insurance purposes. The CCTV recorders used were able to set out the passage of
time at the bottom of the frame of the picture. This information provided the basis for timing the tests as well as the
individual times that each participant'left the cabin.

SAFETY
Able bodied volunteers, drawn from the Durham County Fire Service, undertook the roles of safety monitors/first aid
assistants. During the tests eight were seated and dispersed throughout the length of the cabin; a further four were
located at each of the two exits- two inside and two outside. As a secondary role these men and women were asked
to endeavour to observe the behaviour of participants aad the manner in which hoods were donned. Those positioned
outside the exits in use provided a back up timing record for the evacuation rate on a ten second interval basis with
stop watches.

The Civil Aviation Authority Divisional Fire Officer undertaking the role of Safety Officer worked with the Exercise
Controllei and had ultimate duthority over all matiets of safety. In this context he had absolute discretion to (1) require
ahyting to be done or not to be done, before, during, or after any test and to (2) abort any test should lie deem this
to be necessary at any time. Ile was required to satisfy himself that the Exercice Controller and the safety monitors/
first aid assistants understood their safety responsibilities, and ensure that an ambulance, fire tender and medical
officer wer* always available during the tests. He used tie heat seeking camera to assist him in monitoring events
in conditions of smoke. It fell to the Safety Officer to personally undertake a searci of tie cabin at the end of each
test to ensure that it was clear of participants.

Floor level lighting was installed in the rear cabin of the aircraft for use in each of the tests. While the established
cabin ventilation systems on the aircraft operated satisfactorily, two high powered electric fans, appropriately sited,
were made available to ensure the rapid extraction of the 'smoke' used in specific simulated emergencies. Suitable
fire extinguishers were unobtrusively placed in both cabins on the aircraft. Similarly, fire extinguishers were made
available at the test site support centre, Dinsdale Hall, where they could be readily seen. Light weight resuscitation
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units were made available for immediate use on thelaircraft and sited alongside the positions occupied by the safety
monitors/first aid assistants. Smoking Was ngt permitted,6n or alongside the aircraft.

Whenever the tests took place, fire cover, provided by a crewed tender from Tees- side Airport, was sited alongside
the aircraft. Two medical officers were always present during each of the tests; they were supported by members of
St. John's Ambulance Brigade and two of the Brigade's crewed ambulances.

ORGANISATION & ADMINISTRATION
Establishing the test facilities at Tees-side Airport called for the involvement and collaboration of a wide range of
organisations, authorities and contractors in the North East of England and elsewhere. Thus, over a four month period
it was necessaxy forspecific members of the research team, based on Linacre College, Oxford, to frequently visitTees-
side in order to progress the necessary arrangements. The very able support of two members of the MediaAction staff,
drawn from the Newcastle Office of the Community Service Volunteers, provided continuity at the locations in the
North East of England and made sure that the operatioisal calender established for the event was rigidly maintained.

The test site at Tees-side Airport was supported by an assembly area located some three and a half miles distant at
Dinsdale Hall. It was here that participants (who had travelled by coaches from locations near their homes) were
briefed about the event, medically screened to ensure they were physically fit to take part in the tests, received a main
meal and completed both their forms of informed consent and the post-test questionnaires.

The collection and return of the participants was organised by Community Service Volunteers drawn from Newcastle
who also provided "escorts" for each coach. The support for the medical screening of participants was provided by
nursing sisters and members of St. John's ambulance Brigade under the control of their Area Surgeon. Briefing and
the application of the post-test questionnaires was carried out by members of the research team while the payment
of participants expenses, at the rate of £5.00 each, was very ably undertaken by the Chief Executive of one of the
sponsor companies.

The distribution of tea, coffee, biscuits and mid-day meals atDinsdale Hall and at the Tees-side Airport dispersal site
was undertaken by the Women's Royal Voluntary Service. Their members also provided a sympathetic ear for those
participants who felt an immediate need to talk to someone about their experience.

The infiediate daily organisation of the aircraft at Tees-side revolved around the Exercise Controller and the Site
Coordinator. The Exercise Controller, a senior officer from the Offshore FireTraining Centre at Montrose, supervised
the operation of the tests. He was responsible for everything occurring on the area of the dispersal ground and inside
the aircraft; also for the safe conduct of each test. He gave the orders for the boarding of die participants, com-
mencement of the tests and the subsequent movement of the participants back to the suppoit centre, Dinsdale Ilali.
This member of the team was also responsible for the control of smoke generation; he was required to take direct
control of any real emergency and was authorised to abort a test whenever he judged this to be necessary. On the
completion of each test the Exercise Controller supervised the preparation at the test site for the following event. In
particular he ensured that the aircraft was clear of volunteers; the cabin had been valeted after each test and, where
appropriate, the passenger safety briefing cards had been changed.

The supervision of the support function was undertaken by a further senior officer from die Offshore Fire Training
Centre at Montrose who fulfilled the role of the Site Coordinator. H', was charged with undertaking all those tasks
which were not the direct responsibility of the Exercise Controller such as die reception, marshalling and movement
of participants, securing the availability of the necessary facilities other than those under die control of specialist
groups e.g. CCTV, contractors, etc., together with the issue and return and safe custody of stores and equipment. When
advised that a test was due to commence the Site Coordinator was required to marshal all die external support staff
needed at the aircraft and while a test was underway he was responsible for all aspects of safety outside the aircraft.

In ternis of their roles, the Exercise Controller and the Site Coordinator were die initial focal points for the safety
monitors/first aid assistants, members of St. John's Ambulance and those members of the Woman's Royal Voluntary
Service at the aircraft site.

. _,
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TEST PROCEDURE
Within the frameworkof the testmethod and organisational arrangements the following testprocedure was developed:

(a) In accordance with the CS"I postal notifications participants are taken by coach from predetermined locations to
the assembly centre at Dinsdale Hall.

(b) Participants receive general briefing on the tests.

(c) Participants are medically screened and complete form of "informed consent".

(d) Participants issued with identification numbers (which are worn over their clothing) and thereafter they are
transported by coaches from Dinsdale Hall to the Trident I site at Tees-side Airport.

(e) Eighty five particip;.ts are randomly seated in the rear cabin, by the cabin crew. The Exercise Controller checks,
by visual inspection from his location at the centre exit, that the eighty five participants are present and advised the
CCTV. mobile studio that this is so. Cabin crew close, but do not lock, the exits.

(0 Participants are given the appropriate pre-flight briefing (i.e. with or without smoke hood information).

(g) Cabin crew check to see that all seat belts are fastened and iecord the seating positions of each of the participants.

(h) Recorded engine noise started and newspapers issued, by cabin crew, to participants at their seats.

(i) Test started with predetermined signal and timings commenced on the aircraft by the Exercise Controller, with a
* stop watch, and at the CCTV mobile studio by resetting the timing record.

(j) Cabin crew act in accordance with British Airways routine safety procedures and announcements; in test
environments using the ventilated smoke hoods, the cabin crew inform participants when to don the hoods.

(k) Timing of .e test ends when the last participant leaves the aircraft across either of the cabin exits.

(i) Participants reboard the coaches and return to Dinsdale Hall.

(in) Post-test questionnaires distributed and completed by participants who are also verbally debriefed.

(n) Participants receive standard expenses payment, sign the appropriate receipt together with a statement that they
did not incur any injury while participating in the test.

(o) Participants return, by coach, to the locations previously utilised for their collection.

SECTION TWO - STATISTICAL ANALYSIS

THE DATA
Two sources of material were available for statistical analysis. TheClosed Circuit Television tapes provided the tnes
that each of the tests commenced together with the times that the participants crossed the thresholds of the front and
rear exits. The questionnaires completed by the participants after they had taken part in the tests provided a series of
responses which could in most cases be related to the individual's evacuation performance.

In a number of instances it was found to be very difficult to accurately identify the numbers worn by specific
participants as they crossed the thresholds of the exits and left the aircraft. Therefore it was necessary for Britisi:
Aerospace plc, who had made the recording at Tees-side, to undertake an appropriate listing, against times of egress
for all runs, from the U-matic master copies then held by the company at Warton, near Preston.

It had been planned to duplicate each of the tests covering the five different conditions. However, as has been
mentioned earlier, with the shortage of participants on the first day it was only feasible to undertake the following nine
tests:

-7 W,7 7;7
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DAY RUN CONDITION

1 1 Clear air without hoods
2 2 Smoke with hoods
2 3 In-flight fire
3 4 Smoke without hoods
3 5 Clear air with hoods
4 6 Smoke with hoods
4 7 Smoke without hoods
5 8 In flight fire
5' 9 Smoke with hoods

The second run, 'smoke with hoods', was discarded from the analysis because the smoke on this occasion was
discharged for only seven seconds. A change in the wind at the time of the ninth run resulted in smoke being blown
back into the cabin when the rear exit was opened. This brought with it a slow evacuation time at this exit. Initially,
a safety monitor/first aid assistant attributed the increased density of the smoke to the delay in 'firing' of a smoke
generator, forgetting that with electrically controlled switching all such generators were shut down together.
Nevertheless, the outcome was the creation of a condition that did not chime with the others employed at Tees-side
and the data it provided could only be utilised in a relatively small portion of the analysis.

A review of the CCTV tapes from the Tees-side tests showed that in the six tests using smoke hoods only two
participants were not wearing them when they left the aircraft. It is known that one of these participants was seated
by an exit and therefore saw no reason to don such equipment prior to evacuating the aircraft and the other had
apparently consumed a considerable quantity of alcohol between the time of medical examination and the
commencement of the test and was intoxicated. As the ventilated smoke hoods had been readily donned without
significant difficulties, and with recognition that only limited funds were available, the initial analysis of the
participants answers to the post test questionnaire was restricted to those concerned with claustrophobia - a task
involving the collation of more than 2,000 responses.

THE STATISTICAL ANALYSIS OF EVACUATION TIME DATA*
The following analysis was conducted using a data set provided by Dr J H B Vant which contained the age, sex, seat
occupied, exit usM, exit order, claustrophiobic status and evacuation time of each participant in each of the
experimental conditions. As explained in the text of this report, there were problems with the experimental conditions
of runs 2 and 9 and these are not included in the present analysis.

As a preliminary to the main analysis of the data the effects of the experimental conditions, the location of seat within
the aircraft, the exit used, the age and sex of the participants on te evacuation times were examined. The effects of
sex and age were analysed after removing the effects of seat location, exit used and run and neither was found to be
significant. In the further analysis of the differences between the runs, exit used and location of seat in aircraft
therefore, the variables sex and age we-e excluded. Furthermore, after taking account of the location of the seat in the
aircraft the exit used was not significant indicating that the latter was almost completely determined by the former.
For the these reasons, the analysis of the differences between the experimental conditions which follows concentrates
on the key factor, the location of the seat occupied.

For the purposes of this analysis, the location of each seat was designated by two numbers: x, the row position counting
from front to rear and y, the position in row counting from left to right, so that the front row is row I and the last row,
row 17. In each row, therefore positions I and 6 were window seats and 3 and 4 risle seats.

The main analysis considered the evacuation times measured for each individual in each run under the four main
different experimental conditions, excluding for the moment inflight fire. This analysis allows for the separate
estimation of effects of smoke (S) and hoods (11) and the interaction (S x i) between these factors. In order to balance

*Kindly undertaken by R W Hiorns, M.A., PhD., FIMA, FBCS, Fellow of Linacre Collebe.
(At the request of the majority of the sponsors, the data set has been retained at Oxford.)
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the design for this analysisjfour ofthe runs were used~oneeach in clear air with hoods and without hoqds and one

each in smoke with and without hoods. These runs were numbers 1, 4, 5 and 6, respectively. (Examining the times

for the occupants ofcorresponding seats in runs 4 and 7 and performing pairwise testsshowed no significant difference
and as runs 4 and 7 were similar, run 4 was used in this part of the analysis to represent the condition with smoke and
hoods both pr6sent).

The results of this analysis indicate that the wearing of hoods and the presence of the smoke both increase the
evacuation times. Theeffects of thesemainfactors, were very highly significant. Theinteraction between these factors
was significant and negative, indicating that the use of hoods in tie presence of smoke had an effect on evacuation
time which was less than the sum of the additional times attributable to the separate factors 'smGke' and 'hood'.

Table 1: Estimated additions to evacuation times

Effects: hoods (H) smoke (S) Interaction (S x 11)

5.12 6.25 -3.73
1.84) (1.84) (1.84)

The values shown are the estimated additions to the evacuation times (in sees.) caused by the presence of smoke and
hoods separately and the combination of both these conditions, as they were experienced in runs 1,4,5 and 6. The
numbers in brackets are approximate standard errors for these estimates.

Another approach to the determination of the effects of thl two factors, using a quadratic response surface model,
enables the evacuation time for each seat position to be predicted for each condition. Unlike the balanced design
analysis employed above, this analysis can make use of all the experimental runs (except runs 2 and 9 as explained
above). The time taken to evacuate increases with distance from an exit and consequently the time increases from the
front towards the middle rows and also from the rear towards the middle rows. Likewise the time increases from the
window seat towards the aisle seats. The model is a best fitting quadratic surface model using the row and position
within a row as coordinates.

The fitted model equation for prediction of the evacuation time, t (in secs.) is
2 2

t = C + 10.87x - 7.96y - 0.59x + 1.13y

where x is the row (from front to rear) and y is the position in a row (from left to right) and C is a constant deter-
mined as indicated below:

clear air 0.102
clear air with hood 7.091
smoke 8.214
smoke with hood 11.469
in flight fire 5.393

The above values were obtained by an analysis of covariance applied to all runs except run 9 using x and y in the
quadratic response surface model as concomitant variables. These results confirm the estimates obtained from the
balanced design analysis above which showed the increased times due to the presence of the hood and smoke factors
in the experimental conditions. The details of the calculations are given below:

smoke effect = ((8.214 - 0.102) + (11.469 - 7.091))/2 = 6.245
hood effect, = ((7.091 - 0.102) + (11.469 - 8.214))/2 = 5.122
smoke x hood interaction = -(8.214 - 0.102)+ (11.469 - 7.091) = -3.734

The standard errors for these estimates are, however slightly higher (2.53 instead of 1.84) than those for that analysis

A
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in view of the addition of the variability about the overall fitted surface to the residual variance in the analysis.1Te
former estinates, with their smaller standard errors, may be preferred for making interpretations of the effects of the
different fidtors.

The analysis of the subjects by claustrophobic group showed that there was no over-representation ofclaustrophobics
in any-particular run, nor did they have higher evacuation times than others. Table 2 shows the evacuation times for
those runs in which hoods were worn by claustrophobic group.

Table 2: Claustrophobic category

Run Not at all Slightly Moderately Very

Run 3 time 32.3 31.3 32.3 16.4
no. 55 16 1 I

Run 5 time 32.4 39.8 23.4
no. 76 7 0 1

Run 6 time 34.7 45.9 35.3 57.2
no. 65 16 1 1

Run 8 time 38.0 40.0 38.9 50.6
no. 56 20 6 2

The mean evacuation times (t) are shown together with the number (n) in each
category of claustrophobia.

SECTION THREE - DISCUSSION

PERCEPTION OF THE TEST ENVIRONMENT
There may be some similarities but nearly every aviation accident has a different cause. Fire and smoke are effects
common to mapy aviation accidents. Nevertheless, die impact of choking and irritant smoke, together with the heat
and the terror experienced by passengers in situations of aviation fire can never be effectively reproduced in test
situations involving human beings. Therefore it must be accepted that the effects of these factors can not be readily
assessed by the tests employed inthis study. However, with thecarefully deftned aimit is possible togain a significant
measurement of the impact of wearing hoods on the overall evacuation times in clear air and smoke; thus, the product
of a study of this nature can do much to dispel misconceptions and contribute the preservation of life in the future.

The general effect of the smoke* was that die harder the participants found it to see in this condition, the longer the

* Immediate Reactions to the Smoke: During Operation Exit a number of observations were made by participants. A man taking part

in run 2,"Smoke with Hoods", which was discounted for purposes of the investigation because the discharge of smoke only lasted seven
seconds, wrote:

"Professional Observations which may be of use (Safety Practitioner)
Noted many people waiting for instructions to put on hood even though they were sitting in dense smoke.

I automatically kept low in the smoke, and was able to see amber lights in the floor of the aisle (presumed to be lead-out lights) I could
not communicate to others around to lead out of the dense smoke (see Q.35). Your observation may show a time gap between myself
and the person in front exiting from the plane. I stopped to investigate a pair of legs (casualty) about 4 seats from the front and turned
out to be an observer (I hopel). Very embarrassing - I tried to leave my seat without unfastening the belt."

Another participant, after taking part in a test employing the same condition, wrote," ...... by the time we were out of our seats
it was impossible for us to see a hand in front of us". Others reported participants climbing over the backs of the seats fumbling to release
seat belts and getting in their way as they endeavoured to reach an exit.

A further comment regarding the selected level of smoke was made on behalf of the Chief Inspector of Accidents, Accident
Investigation Branch, Department of Transport, by MrEJTrimble, who wrote .... in thelarge scaleTees-side testsusing naivesubjects
thisparticular question had tobe approached with the utmost care due to thepossible effects of isolated ot more general adverse reaction
by those participating in the evacuation in "smoke"." He went on to express the yiew that the level selected was absolutely correct and
added that .it would have been difficult to contend with any degree ofcertainty that (a) much reduced visibility would have seiously
affected donning time of the smoke hoods, theprime focus of Operation Exit, sincetheirstowagewas directly in front ofeach "passenger"
in arms reach."
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evacuation times. Arelatively small number of participants reported that they encountered difficulty in breathing in
conditions where the smoke was applied. It is possible that this may have caused by a combination of stress and the
"musk" odour ofthe smoke used at Tees-side. The reaction by some participant, to the smoke and tie reports of
sensations ofclaustrophobia (covered earlierin the statistical analysis) chime with those emanating from people who
have been confronted by fire and the associated toxic fumes and gases. During some evacuations it was noted that
a number of individualshad difficulty. in releasing their seat belts; some observed a small number of participants
climbing overseats in their efforts to leave the cabin while a number of participants encountered others getting in their
way as they tried to leave the aircraft.

STATISTICAL ANALYSIS
The preliminary statistical analysis concentrated on the effects of the experimental conditions, the location of seat
within the aircraft cabin, the exit used, the age and sex of the participants on the evacuation times. This identified the
location of the seat as the key factor and provided a firm indication of the direction to be taken for further statistical
work. Thus the main analysis, utilising a balanced design, considered the evacuation times under the four different
experimental conditions, excluding for the moment inflight fire. The separate estimates obtained for the effects of
smoke and hoods and for the interaction between these factors, indicate that the wearing of hoods and the presence
of the smoke both increase the evacuation times. However, the interac:ion between these factors was negative,
indicating that the use of hoods in the presence of the smoke had an effect on the evacuation time which was less than
the sum of the additional times attributable to the separate factors 'smoke' and 'hood'.

It will be recalled that when participants donned the ventilated smoke hoods in conditions of smoke, their subsequent
evacuation, observed by monitors, support staff and others, was much more orderly than during an evacuation taking
place in smoke without hoods. Comments made by a number of the participants, after taking part in tests involving
the donning of the smoke hoods in a condition of smoke, indicated that they were unaware that the equipment was
ventilated. The view is held that because participants felt that the ventilated smoke hoods gave protection from the
smoke the confidence this gave them brought about a more orderly and therefore quicker evacuation.

Afurtherapproach - adopted by Dr. Hioms to determine the effects of the two factors, used a quadratic response surface
model and madeuseof all theexperimental runs except 2and 9. This enabled the evacuation time foreach seat position
to be predicted for each condition and showed that the time taken to evacuate increases with distance from an exit and
an aisle. The model is a best fitting quadratic surface model using the row and position within the row as coordinates.
In turn, it was possible to proffer the fitted model equation for prediction of evacuation times.

The statistical analysis undertaken for the study differs from the traditional method, based on an analysis of basic
evacuation times. It is felt that the utilisation of such an approach could offer information of value for those seeking
to review evacuation tests.

HOOD DONNING
At the outset it was clear that some saw a specific hood donning time as a necessary outcome of the Tees-side tests.
However, theaimof thestudy setout in tie testprotocol developed with te CivilAviationAuthority, and subsequently
approved by this regulatory authority, was related to observing and recording the effects, if any, on timings and
passenger behaviour of the donning of smoke hoods during simulated evacuations of an aircraft passenger cabin in
conditions of clear air and smoke. Thus, the investigation centred on the impact that smoke hoods might make on the
overall timings of such events rather than to provide measures of hood donning time.

As has been mentioned earlier only two out of 510,people required to wear ventilated smoke hoods during the tests
left the circraft without donning a hood. While saey monitors/first aid assistants noted that some were a little slower
than others in placing te hoods over their heads, the participants d'd not appear to encounter significant difficulties
when donning the ventilated smoke hoods used in the tests.

Some of the participants were reported to have donned the ventilated smoke hoods on first sight of the smoke rather
than wait for the directions of cabin staff. It will be recalled that the evidence provided by theAirAccidents Investiga-
tion Branch of the Department of Transport, at the inquest on those who died at Manchester nearly three and a half
years ago, indicated that it was necessary that smoke hoods should be close at hand and under the control of passen-

*gers. Clearlythe participants behaviour during this study confirmed that in circumstances where smoke hoods are

. ,



thus, it can be argued that ho6dd6nning time lacks the significance that many attribute to it.

Nevertheless, hood donning plays a part in the development of the specification for passenger protective breathing
equipnment and the data drawn from theTees- side tests reveals the increased times due to the presence of the 'hood'
and the.'smoke'factors. Study of the CCTV tapes from theTees-side study, where the equipment was with easy reach
of the participants, leads one to believe that the majority of the participants donned the ventilated smoke hoods within
some ten seconds.

In turn, theTees-side study has shown that the speed at which smoke hoods are donned is influenced by the motivation
of the individual to don the equipment, the ease at which such equipment can be worn and the effectiveness of the in-
struction provided during the passenger safety briefing. These factors are taken into account in the Civil Aviation
Authority specification number 20 (Specification for Passenger Protective Breathing Equipment (PPBE - Smoke
Hoods).

SECTION FOUR -CONCLUSIONS

As a preliminary to the main analysis of the data, the effects of the experimental conditions, the location of seat within
the aircraft, the exit used, the age and sex of theparticipants were examined. The effects of sex and age were analysed
after removing the effects of seat location, exit used and run; neither were found to be of significance. Therefore it
is concluded that the inability to maintain the e'act recruitment targets did not impact on the findings of the study.

After taking into account the location of the seat in the aircraft used, the exit used was not significant indicating that
the latter (i.e exit) was almost completely determined by the former (seat location). For this reason, and that the effect
of age and sex were not significant, it was concluded that tie analysis of the differences between the experimental
conditions should concentrate on the key factor, the location of the seat occupied.

Statistical methods concentrating on 0he key factor encountered in an evacuation study permit the application of
techniques based or quadratic response surface models. It is concluded that such models provide a very much more
useful information than the statistical methods based on the analysis of evacuation times.

The smoke used at Tees-side could not reproduce the choking and irritant characteristics of the smoke encountered
in aviation fires, a factor which is likely to increase the time taken by those trying to evacuate an aircraft cabin in the
condition smoke without hoods. It is expected that in such a condition the difference between evacuation times would
be wider. Nevertheless, the application of the smoke did bring about a measurable behavioral change in terms of
extending the evacuation times. It is therefore concluded that for the purpose of the study the form of smoke used
was satisfactory.

Five hundred and ten individuals were called upon to don ventilated smoke hoods during the course of the study. As
has been stated, only two people left the aircraft without a hood; one was seated alongside an exit and saw no need
for a smoke hood in such a location at the time of the evacuation, while the other had apparently consumed a
considerable quantity of alcohol between the time of medical examination and the commencement of the test.
Therefore it was concluded that the preflight biefing devised for passenger protective breathing equipment was
satisfactory and that the ventilated .smoke hoods used for the study were easy to don.

A number of people taking pLt in the tests in conditions where ventilated smoke hoods were worn reported some
feeling of claustrophobia. However, these participants together with others who did not experience this phobia left
the aircraft in an orderly manner. Analysis of subjects by claustrophobic group showed that there was no over
representation of the claustrophobics in any particular run, nor did they have higher evacuation times than others. It
is concluded that this phobia was not an inhibiting factorin the case of those taking part in the Tees-side tests.

It was observed that on donning smoke hoods in conditions of smoke a more orderly evacuation took place than in
a condition of smoke without hoods. It is therefore concluded that the donning of the ventilated smoke hoods gave
the participants a feeling of protection from the smoke and the confidence they gained from this act brought about a
more orderly evacuation.

The study centred on the impact that donning or ventilated smoke hoods might make on simulated emergency
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evacuations of an aircraft passenger cabin in conditions of clear air and smoke rather than to provide measures of hood
donning time. In circiistandes'wheie jiassdnger smoke hoods are nearto haid, hood donning time lacks the
significan-e that nany attribute to it. Nevertheless, hood donning time plays a part in the development of
specifications for passenger protective breathing equipment and data drawn from the Tees-side tests provides the
increased times due to the presence of the hood and the smoke.

The statistical analysis indicates tiiat.the Wearing of smoke hoods and the presence of smoke both increase the
evacuation times (Smoke hoods 5.12 and Smoke effect 6.25 with standard errors of 1.84). The effect of these main
factors were highly significant. Nevertheless, the interaction between these factors was significant and negative. (-
3.73 with a standard error of 1.84), indicating that the use of the hoods in the presence of smoke had an effect on
evacuation time which was less that the sum of the additional times attributable 'o the separate factors 'smoke' and
'hood'. The ventilated smoke hoods were located within easy reach of the participants. It is known that on first sight
of smoke some donned the ventilated smoke hoods prior to receiving directions from the cabin attendants and many
may have perceived that the ventilated smoke hoods afforded protection, in turn, bringing with it a more orderly
evacuation. For these reasons it is concluded that the wearing of smoke hoods should not significantly impede
passengers, ability to evacuate an aircraft cabin in an emergency.

It is suggested that the preoccupation with evacuation times, with and without smoke hoods, has led to the main point
being missed. The tests show, as did those undertaken by ieFederal Aviation Aduiinistration in 1969, that evacuationi

in conditions of smoke takes much longer and thus protection is necessary from smoke particles, toxic fumes and
gasses for some passengers to survive.

DISCUSSION

STEWART
The subjects were instructed to don their hoods while

seated, before starting to evacuate the aircraft. In practise,
many passengers would don their hoods while walking down the
aisle. The method adopted would appear to bias the results
against smoke hoods and to rive an artificial prolongation of
the escape time, perhaps about five seconds, when hoods were
used in this study.

AUTHOR'S REPLY:
The United Kingdom's Civil Aviation Authority asked that

the command to "Don hoods and evacuate the aircraft" be given
while the passengers were seated. Their request was, I think,
prompted by a desire to have a readily identifiable "start point"
for each test. The Tees-side tests indicated that the provision
of user friendly smoke hoods under the direct control of
passengers are readily donned and can contribute to a more
orderly emergency evacuation. The tests also indicated that
with such equipment placed in such a location the wearing of
smoke hoods does not significantly impact on the time taken
to evacuate an aircraft in a simulated emergency. It is possiole
that in practice, some passengers, on learning that they must
evacuate the cabin as soon as possible, would commence their
evacuation and then, while moving to the point of egress or
while queuing then don smoke hoods. It is reasonable to suggest
that such action mignt reduce the overall amount of time taken
to evacuate the cabin while wearing smoke hoods end the marked
improvement in terms of overall evacuation time that you suggest
may be possible.

T. MARTIN
We heard in the video film, the very clear and concise

instructions given by the cabin crew, drecting the passengers
out of the aircraft. Could you tell me what would be the effect
on communication, had the cabin crew been wearing a smoke hood?

AUTHlOR'S REPLY:
The United Kingdom Civil Aviation Authority specification

for passenger smoke hoods take into account the need for wearers
to be able to communicate with others when wearing approved
equipment. However, discussions and a survey of the views of
survivors of the Manchester accident indicates that dense
transmission of sound and preclude those without eye protection

from seeing such aids as floor level lighting; a factor that
had been disclosed by research sponsored by the Federal Aviation
Authority some years ago.
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Attention, has been drawn to the problems of communication in
such environments by the Air Accident Investigation Branch of
the department of Transport in their very competent report on
the-accident to toeing 737.

I.R. HILL
The last speaker showed that there were delays in evacuation

because they tried to operate their seat belts. As the Regulatory
Authorities have not made smokehood mandatory because of
postulated delays in evacuation, do you think that in the
interests of consistency, they should throw the lap belts away.

AUTHOR'S REPLY:
In response to the question I think I should mention at

the outset that the records of "Operation Exit" also show that
in these tests some encountered difficulty in releasing their
seat belts. At Tees-side there were also incidents when the
egress of individuals was impaired by crowding of the exits.
Ih my personal experience some of those involved in an emergency,
such as a major accident, will always encounter such
difficulties.
What is needed is a "window of opportunity" for escape. I and
many others with such experience have no reason to feel that
the provision of smoke hoods would impact any more significantly
on the ability of passengers to evacuate an aircraft in an
emergency that the difficulty that has been shown to exist for
passengers to endeavouring to disengage themselves from seating
restraints when they encounter emergency conditions.

I
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FLIGHT CREW TRAINING FOR FIRE FIGHTING
by

Ernst-Albrecht Limley
Manager Lufthansa Emergency Training

Rhein-Main-Airport
D-6000 Frankfurt/Main 75

Germany

SUMMARY

This paper contains a description of.Lufthansa emergency training aspects for flight-and cabir crews in
respect to fire fighting. It addresses topics as preventive measures, on board fire fighting equipment, measures
in case of an on board fire, training for actual fire fighting-and future developments.

INTRODUCTION

The emergency training of flight and cabin crews deals with a variety of important topics such as passenger
evacuation, decompression, sea survival after airplane ditching or survival in arctic or desert regions. If ques-
tioned, however, most crewmembers will state that an inflight fire poses the highest threat to aviation. This is
a scenario which crews fear most. There have occurred some fatal accidents which we well remember, e.g. the
Saudia L-1011 case in Riyadh, the Air Canada DC-9 burning out after landing in Cincinnati and - lately - the
Main Deck Cargo Fire on the South African B747 Combi resulting in a crash near the island of Mauritius. One
thing, however, should be made quite clear from the beginning:
Flight- and Cabin Crews have only the facilities to fight fires in an early phase. No one in an airplane presently
has a chance to fight successfully a fire which has already spread into an inferno. One important aspect of
flight crew training therefore consists also of prevention rather than on fire fighting only.

1. PREVENT7'E MEASURES

1.1. Irregularities during Flight

Our flight attendants are trained that any unusual observations, malfunctions or any defects related to
electrical equipment have to be reported to the cockpit crew. Also resetting of circuit breakers is forbidden,
until the cause for the malfunction has been clearly determined and the situation has been corrected.
How important flight attendants are in this respect, may be illustrated by the following example. During landing
a flight attendant had the impression of some light flashes coming from the galley area. Since the sun was
shining through the window it might have been a wrong observation. After removal of some galley installations
a wiring was detected with partly missing insulation. The light flashes which the cabin attendant was not sure
of were produced by the sparks of the intermittent short circuits produced by the faulty wire. A good example
for prevention?

1.2. Observation of Cabin

Smokers aboard an airplane are undoubtedly a risk factor, for instance when falling asleep while smoking,
disposing cigarettes on trays or in waste boxes, or when smoking in restricted areas as toilets. It is the duty
of cabin attendants to keep an eye to all possible risk factors expecially during night.

1.3. B747 Main Deck Cargo

Lufthansa is the largest operator of B747 Combi airplanes. These airplanes are able to carry up to seven 10
ft containers in an aft section of the airplane. Instead of containers very often freight is transported on pallets.
What prevention can be done here?

It is our procedure that the fire fighting crew is selected by the captain before departure and that a visual
inspection of the loading in the cargo area is performed before takeoff. These preventive measures can be
done without any time pressure and under optimum visibility condition, whereas with a spreading fire time is
short and visibility may be impaired by dense smoke.

1.4. Technical Equipment

1.4.1. Smoke Detectors

The areas in a passenger airplane, where a fire may not be detected in time or areas which not acces-
sible, are usually equipped with smoke detectors. They are installed in lavatories. cargo holds or a,.o in the
Main Deck Cargo Compartments. When properly maintained, these systems provide a warning in most cases
earlier than the human senses. However all those warning systems are useless if due to wrong wiring the fire
is really existing in a different area than the warning is indicating. You will rememeber some of these findings
after the British Midland B737 crash.

1.4.2. Fire Extinguishing Systems

Generally those areas, which are not accessible or which have proven to present a high fire risk, are equipped
with extinguishing systems, that are activated either manually from the cockpit (after receipt of warning) or
automatically by melting of a temperature fuse. When passengers put their cigaeLtes into the toilet waste
boxes and caused there some fires, we started to install in the waste boxes auom,.tic fire extinguishing systems
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which are activated if temperature exceeds 80 degrees Celsius. Cargo hold area fire extinguishing agents are
contiolled manually from the cockpit. The agent is Halon 1301 for those stationary systems. Halon is one of
the most effective fire fighting substances we know. For the B747-400 Main Deck Cargo Compartment probably
the FAA will require a Halon fife knock down system.'

2. ON BOARD FIRE FIGHTING EQUIPMENT

Lufthansa has spent considerable time some years ago for Emergency Equipment- and Procedure Standar-
dization. Due to that work all cabin attendant stations on our different airplane models are equipped identi-
cally. Each cabin attendant station has a 1 kg Halon 1211 fire extinguisher and for fire fighting under dense
and toxic smoke conditions an oxygen bottle with corresponding full face mask. More than the minimum required
number of fire extinguishers is carried, e.g. ten 1 kg Halon fire extinguishers are on board a Lufthansa B747
Combi airplane.
In addition one 2,5 kg Halonextinguisher is carried in the Electronic Equipment 'Compartment and one 7,5 kg
Halon extinguisher in the B747 Main Deck Cargo Compartment. No other types of fire extinguishers (water
etc.) are carried, so that crews do not have a selection problem.
In order to enable the flight deck crew to perform their duties even under smoke or toxic fumes, there are
full face masks or - on newer airplanes - combined quick donning and full face masks available.
Useful other equipment for fire fighting such as crash axe, crow bar, protective gloves, smoke goggles and a
safety rope (B747 Main Deck Cargo Compartment only) is distributed throughout the airplane cabin and the
cockpit.

3. MEASURES IN CASE OF AN ON BOARD FIRE

3.1. Cabin Fire Procedure

Each standard cabin attendant station is equipped with the Cabin Fire Procedure (Figure 1). The area
enclosed by thick black lines has to be known by heart. The most important aspect for successful fire fighting
is to localize the source of a fire and then to fight it. To empty a fire extinguisher for instance into a smoke
filled toilet without hitting the fire source is of no use at all. If needed for e.g. toilet fire fighting a full
face mask and oxygen bottle have to be used. An important task of the fire fighting attendant - called first
CA in our procedure - is to call a second flight attendant. This attendant has to inform the purser and the
rest of the cabin crew, so that necessary other steps are initiated without delay. Some of these are:

- Communication of all relevant information to cockpit crew through purser

- Switching off all electric connections in affected area

- Directing passengers away near fire location

- Ensure availability of reserve fire extinguishers and oxygen bottles, but removal of all oxygen bottles near
fire location.

- Directing passengers to breath through wet cloth

- Watching affected area closely for reignition after succesfull fire fighting.

For the underfloor galley of our Condor DC-10 we have a special procedure as well as for 0747 Main Deck
Cargo Fire fighting. The procedure in figure 2 has been changed short time ago after a test of our old Main
Deck Cargo Fire procedure. Primary points of concern were:

- Consumption of too much~rime before cargo compartment was entered for fire fighting

- Difficulties with safety rope (gordian knot and problems to move freely for the fire fighting attendant)

- Problems with oxygen bottle and full face mask (hindering movement, too little endurance time with approxi-
mately 10 minutes of oxygen, no direct communication e.t.c.)

Our goal is to equip out B747 Combi airplanes earlier than the complete fleet with smoke hoods and to inte-
grate mike and earphone into te hood for verbal communication of the fire fighters with the purser outside of
the cargo compartment. The purser then will be responsible for communication with the cockpit.

3.2.Cabin to Cockpit Communication

Many accidents have proven, how vital communication is between cabin and cockpit personel. For this reason
cabin and cockpit crews are trained together at Lufthansa. In our annual emergency refresher training we
have latz'ly used a film with the title "Flash Fire" that was produced by Lufthansa based on the NTSB report

of the Air Canada DC-9 accident in Cincinnati. If somebody is interested in that film, it may be viewed at a
suitable time after the meeting. The lessons we have learned from that accident are:

- in case of fire no time shall be wasted for preparation of an emergency landing

- fire extinguishers shall only be used after localization of fire source.

- conflicting informations to cockpit crew such as "I think the situation is under control since the smoke is
clearing away" shall be avoided

- circuit breakers shall not be resetted without verification of the malfunction.

.
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4. TRAINING FOR ACTUAL FIRE FIGHTING

4. 1., Mockup .Training

,Intallhof oui training mo-ckujs-in.-Fiink'furtve'have ,tee6pssibilitvto~genbrate 'sinol~e, tolight.,artifici.lI
firesanid to:check-if a crew member hs -deieminedthe'fi resouriceand extinguished thefiresuccessfully.
The~artificial smoke we use is a cosmetic smoke as used in theatres or in discotheques an'd it is nontoxict according to manufacturer and laboratory iindings. The disadvantage of that smoke is that it is "white sm6ke"
andthat it tends to gray on the ground when no airdisturbances exist. This is in conflict to real fires, wheie
thd smok'eiis et'ffidig fr6 n the deiiinj to the bottom.

Theifire simulation iq done by some yellow and red flickering lights. With smoke present it provides a fairly
good impiessioi of a-'real fire. Thflre fighting ictiorii'siiulated with original' fire extinguishers filled wiih
air. If the airstream coming out of the nozzle is correctly directed to theflickering bulbs,,it passes a heated
resistor. Wlhen'this resistor is coo!ed off sufficiently, the fire goes out. It lights up automatically after a
selebtable time interval in order to save the reset- switching for~the~instructor if another crew member is,
trained.
Thelocations 'for these fire simulations are in the cabin, in the toilet (with the need to open access pan-Isj
andiin waste boxes. A speciality in fire training is our Main Deck Cargo Compartment mockup, where the
respective fire fighting procedure can be trained (donning of full face mask, opening crash net, getting neces-
sary equipment, locate and extinguish artificial fires under smoke environment). We will change this facility
tobetter simulate reial airplane conditions (especially simulating the confined space).

5.2. Real Fire Fighting

In order to gain confidence in oneself ind the equipment we think it is essential that crews extinguish
realF fires from time to time. As most airlines we have a fire training place where we light up a pan filled,
with fuel. Only correct handling of an extinguisher will guarantee success in the fire fighting. Most mistakes
you may observe are holding the fire extinguisher not in an upright position, attacking fire from too far or
too ,near distance, directing Halon n6t to the fire base iind overestimating the spray time of an extinguisher
(around 6 sec for I kg Halon extinguisher). I would like to point out all those airlines in possession of a fire
fightinrg-hous such as-e.g. Air, France, KLM and'Swiss Air, since their'traning islndependant from weather.
Since Halon, however, bel6ng to theie substanceswhich damage the Ozon layer on earth," we have to find
solutions for realistic training without environmental pollution. Presently the fire fighting houses need tremen-
dous maintenance efforts due to the aggressive combustion products when using Halon. Also the problem of
accidents from acid lrops falling eventually on trainees or trainers seems not to be solved successfully. In
the meanwhile we have changed the times for fire fighting exercises from a two year to a three year basis
for environmental reasons.

6. FUTURE DEVELOPMENTS

6.1. Smoke Hoods

Our company has tested the smoke hoods of 7 manufacturers under typical conditions during fire fighting.
Thougb the German legislation does not yet require these smoke hoods on board of our airplanes, we have
seen that these'hood offer considerable advantages such as longer oxygen duration, quicker don,.ing, better
communication and free movement capability.

'6.2. Better Flammability Standards

The new FAA requirements will further enhance survivability in accidents related to fires and are an
important step into iinproved cabin safety.

6.3. Cockpit Equipment

The combination of quick donning and full face mask is a step into the right direction to replace in
future smoke goggles. and quick donning masks.

6.4. Smoke Hoods for Passengers

It is uncertain, if these devices will be introduced and if they generally may help to save lives. Being
familiar with several kinds of emergencies I as an individual person would be in favour for such an equipment,
ber.ause it would improve my chances for survival. For Lufthansa a solution would be preferable which combines
the usability of present masks for decompression and passenger smoke hoods. This would, however, need a
complete redesign, since masks should be detachable and should no longer have the design feature to mix air
(or fume in case of fire) into the supplied oxygen.
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Fire or smoke ..................... LOCALIZE FIRE SOURCE First CA
AND CALL SECOND CA

Fire, source ....................... FIGHT IMMEDIATELY First CA

O>ygen-bottleand f011"face mask ... PUT ON IF NECESSARY First CA

Cockpit- and Cabin Crew ..... 6.. INFORM .Second CA

Additional fire extinguishers ...... AS BACKUP TO FIRE Other CA'sI
SOURCE

Communication with Cockpit Crew.. MAINTAIN Purser

Attention: In case of a lavatory fire keep the door~closed until full face masks have been
put on and the fire can be fought with
several extinguis=hers simultaneously

Ox ygen bottles near fire .......... REMOV E Other CA's

Electric switches and circuit
breakers in danger area .......... SWITCH OFF/PULL (-.her CA's

Passengers near fire ............. SEND AWAY Other CA's

Handluggage near fire ............ REMOVE Other CA's

Oxygen bottles and ............... PROVIDE AS RESERVE Other CA's
full face masks

Air vents near fire ............... CLOSE Other CA's

Blankets and extinguishing
liquids ....................... KEEP READY Other CA's

Provtective gloves, crash axe, KEEP READ
crow bar ........ .................. .Y Other CA Is

Announcement for smoke .......... CLOTH OVER MOUTH AND Purser

NOSE

Fire extinguished ................ WATCH FOR RENEWED All CA's
FLARE-UP

FIGURE 1.
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Fire/Smoke Develojiment,
Crew ........................................................... INFORM CPTICA
According to Captains's Order .............................. INITIATE ACTIONS PUR

Preparation

Cabin Attendants ................................................ DELEGATE PUR

Main Deck Cargo Compartment Light (Door 4L) ....................... SWITCH ON PUR
Protective Gloves, Crow Bar, Flash Lights ........................... HAVE READY 3. CA
Safety Rope ...................................................... FASTEN 1. CA
Portable Oxygen Bottle with Full Face Mask ............................ PUT ON all 3 CA's

Peiformance

Main Deck Cargo Compartment ......................... ENTER WITH EQUIPMENT 11 3 CA's
Oxygen Bottles for Freight-/Animal Attendants (if on board) .............. REMOVE 3. CA
BCF-Fire Extinguisher (7,5 kg), Crash Axe .......................... HAVE READY 2. CA
Cargo Safety Net .................................................... OPEN 1. CA
Extension Tube ............................................... HAVE READY 1. CA
Fire Fighting Cabin Attendants ............................ SECURE AND ASSIST 3. CA
Communication to Purser ......................................... MAINTAIN 3. CA
Fire-ISmoke Source ............................................. LOCALIZE 1. + 2. CA
Fire ......................................................... EXTINGUISH 1. + 2. CA
Oxygen Consumption (max. 10 min.) ............................... CHECK TIME PUR

Passenger Information ........................................ ACCOMPLISH CPTIPUR

Fire Source ................................. WATCH FOR RENEWED FLARE-UP CA

FIGURS 2.
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DISCUSSION

F. TAYLOR
Most overwing emergency (Type III) exits are very heavy

-and difficult-to, open. What training do you give to airline
staff in the selection of suitable passengers to sit by'-tfiese

AUfHOR's )RtftY:
We aid studying a proposal to seat trained airline personnel

at these exits. During normal operations the company regulations
do forbid that certain people sit near emergency exits, e.g.
handicapped'persons.

J. ROSS
Alcohol ingestion is an important factor in house fires.

Are your crew given any instructions about serving alcohol to
passengers or about passengers intoxication?

AUTHOR's REPLY:
Lufthansa has established a training program concerning

alcohol which is given to cabin attendants during a special
training.

B. TUCKER
Would you elaborate on Lufthansa's procedure whereby "the

fire fighting crew is selected by the captain before departure"?

AUTHOR's REPLY:
The procedure to select the fire fighting crew before

departure is a new procedure and was adopted for B 747 main
deck cargo early 1989.

We are discussing in the airline, if we shall have specially
trained fire fighting crew (B 747 main deck cargo only). No
decision has yet been taken.

Other airlines procedures are unknown.

B. TUCKER
I want to congratulate Lufthansa on the fact that flight and

cabin crews are trained together.Many airlines still do not train
their crew to work as a team.

You mention that flight attendants are not allowed to react
circuit breakers until the cause has been found and corrected.
Is there any restriction with respect to resetting circuit brea-
kers in the cockpit?

AUTHOR's REPLY:
For the cockpit our procedure is as follows: The reset of

a circuit breaker may be performed once after a waiting period
of 90 seconds.
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The-Research Program~at the Civil Aeromedical Institute Concerning
Protective Breathing Equipment for Use by Crew and Passengers

in an Aviation Smoke/Fume Environment
i. Arnold Higgins,,PhD.., Acting manager; Protection and Survival Laboratory, AAM-630,

Civil Aeromedical Institute, FAA-DOT P.O. Box 25082 Oklahoma City, OK, 73125 USA

SUMMARY

on June i, 1987, a final rule defining Crew Protective Breathing Equipment (CPBE) was
issued by the FAA. On September 1, 1987, Action Notice A-8150.2 (Guidelines for
Approval of Crewmember Protective Breathing Equipment) established requirements and
tests for certifying -CPBE. The recommended method for testing contaminant leakage
proved unsatisfactory when chemically-generated oxygen was used. The Civil Aeromedical
Institute (CAMI) developed a new method, and has tested two candidate devices. This

* test methodwill be discussed.

Recent interest in reviewing the feasibility of providing passenger protective breathing
equipment (PPBE) has been stimulated, in part, by the British Airtours B-737 accident at
Manchester, England, in August 1985. In October, 1986, the Airworthiness authorities of
Great Britain, France, Canada, and the United States initiated a coordinated effort to
reevaluate PPBE, A history of CAMI involvement in the study of PPBE will be presented,
as will the status of current activities in this program.

INTRODUCTION

Throughout its history, the Civil Aeromedical Institute (CAMI) has provided research
support to the regulatory elements of the Federal Aviation Administration (FAA) in their
efforts to enhance aviation safety. The majority of the work conducted in the area of
protective breathing for both crew and passenger, has been accomplished in the Protec-
tion and Survival Laboratory. This paper provides a history of some of the work in this
area and updates the current activities and research tasks.

The level of protection needed for the crew is greater than that required for the
passengers in many instances because of the crew's need to perform efficiently while
flying and maneuvering the aircraft and providing other safety-related duties. Passen-
gers must be protected adequately, but seldom have critical duties to perform. Therefore
the types of equipment needed to provide the protection for these two groups may vary.
The research tasks, although there may be some overlap, have generally been divided into
the two categories, crew protective breathing equipment (CPBE) and passenger protective
breathing equipment (PPBE). In recent years the CPBE has been subdivided into two
types, flight crew protective breathing equipment (FCPBE) and portable crew protective
breathing equipment (PCPBE).

CREW PROTECTIVE BREATHING EQUIPMENT

In November 1973 Pan Am Flight 160/03, an all-cargo flight scheduled for Frankfort,
carrying a loadof hazardous chemicals, departed JFK Airport in New York City, and in
flight requested a return to JFK, then sought clearance to land at Boston. Although no
emergency was declared, it was determined that there was smoke in the cockpit. The
plane crashed and all three crewmembers were killed. One contributing factor to the
crash was thought to be poor performance of the flight crew smoke goggles/oxygen mask
combination. This accident and others precipitated a renewed concern for the
effectiveness of FCPBE.

The problems of FCPBE were studied concurrently by the FAA -nd the Society of Automotive
Engineers (SAE) A-10 (oxygen equipment) committee. In May 1974, Mr. Ernest B. McFadden
of CAMI vas appointed to participate in formulation of testing and design standards at
the A-1O committee meeting. In June 1974, Mr. Don deSteiguer of CAMI attended a
conference in Washington, D.C. on FCPBE called by the Offices of Flight Standards and
Airworthiness, FAA.

Joint meetings between the FAA and industry were held in Los Angeles (Aug. 12, 1974) and
Washington, D.C. (Sep. 4, 1974) to discuss FCPBE and a decision was made to reevaluate
FCPBE. Then, on Oct. 15-16, 1974, a meeting of personnel from CAHI, Systems and Equip-
ment Branch, Office of Flight standards (AFS-130), Engineering and Manufacturing Branch,
Flight Standards Technical Division (AAC-213), and Engineering and Manufacturing Branch,
southern Region (ASO-213) was convened to review a potential FCPBE evaluation and
testing protocol. This was followed on Oct. 17-18 by a meeting of the SAE A-10
committee at the FAA Aeronautical Center, Oklahoma City, OK.

At the invitation of AFS-130, U.S. and foreign manufacturers submitted to CAMI 3
combinations of oxygen masks, goggles, mask-mounted regulators, and fullface masks,
which had been approved by various FAA regions. The testing procedures were developed
by Mr. McFadden and Mr. deSteiguer of CAMi in coordination with AAC-213. Then, in

Statements-expressed n-lrfthis paper are those ot the author and do not necessarily
represent recommendations or policy of the Government of the United States.
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January 1975,Flight Standards issued- a proposed testing protocol- for comment by
industry.

By May 19, 1975, the initial data collection phase was completed. Nine hundred indi-
vidual subject tests were completed on 138 types of FCPBE. Of these, 116 failed to-meet
minimum requirements; 14mask/goggles combinations and 8 fullface masks met criteria,
frequently at the expense of extremely high O usage (1). At Flight Standards' request,
release of the data was postponed until a meeting on Dec. 10-11, 1975, conducted by
Flight Standards at the Aeronautical Center. Mr. deSteiguer gave a presentation on
quantitative techniques developed for evaluation of FCPBE and results of the 138
protective devices submitted. Fe answered technical questions relative to the testing
proceddres as proposed by Flight Standards for a Technical Standard Order (TSO).

Early in 1976 manufacturers began to redesign FCPBE to achieve the desired performance
standards suggested by the test program. Twenty-three new designs of mask/goggles/
regulator combinations were submitted to CAMI, with testing resumed in December 1977 and
completed, in May 1978. All new designs proved to be satisfactory and results were
reported at the fall 1978 SAFE symposium (2). In June 1980, the SAE published Aerospace
Standard (AS) 8031, "Personal Protective Devices for Toxic and Irritating Atmospheres,
Air Transport Crew Members," based primarily on the CAMI test procedures. I
With an increase in the number of females on the flight deck, and because females have
smaller facial dimensions, it was deemed desirable to repeat some of the tests with
female subjects since all of the original FCPBE testing was conducted using only male
subjects. Of the 23 mask/goggles combinations tested with female subjects, 8 failed to
meet the acceptance criteria (3).

On June 27, 1983, the FAA published TSO-C99, "Protective Breathing Equipment," which
adopted the SAE AS 8031 for the performance standard. On June 3, 1987, the FAA
published (in the Federal Register) 14 CFR Part 121, Protective Breathing Equipment
Final Rule, which requires compliance with TSO C-99 for FCPBE.

Because AS 8031 and TSO C-99 were intended primarily for flight deck crewmembers at a
stationary position, it was felt that the standards were not adequate for portable crew
equipment intended for use by crewmembers performing more active tasks. At the request
of the Offices of Flight Standards and Airworthiness, CAMI conducted a study to
determine workload, 02 consumption and CO2 production by crewmembers during a simulated
in-flight smoke/fire emergency (4). The SAE A-10 committee, began work on AS 8047,
Performance Specification for Portable Crew Protective Breathing Equipment for Use
During Aircraft Emergencies. This AS was issued in November 1987.

On April 21, 1987 Action Notice (AN) A 8150.1 (Guidelines for Approval of Crewmember
Protective Breathing Equipment) was issued by the FAA's Office of Airworthiness. This
Action Notice was superseded by Action Notice A 8150.2 on September 1, 1987. This AN
establishes requirements and test methods for portable crew protective breathing equip-
ment intended for use while addressing an in-flight fire/smoke condition. This AN was
provided in advance of the issuance of TSO C-116. A notice of availability was
published in the Federal Register on January 9, 1989.

CAMI received requests to provide performance tests of equipment proposed for crew use
and intended to satisfy the Action Notice, A 8150.2. The recommended method for tile
contaminant leak portion of the test, using n-pentane as the challenge gas, functions
well when compressed 02 is the source of breathing O and is associated with a demand-
type regulator, but is unsatisfactory when chemically-generated oxygen is used. CAMI
began work in early 1988 to develop a new method for this portion of the test. Efforts
were made to develop techniques for use of n-pentane, the challenge gas described in TSO
C-99. We first investigated the potential for including a pentane-specific column for
the hydrogen flame gas chromatograph. Th;is, however, resulted in a sampling rate too
slow to meet the requirement of having a measurement once per minute for a 15-minute
test period. We then attempted to move to an infrared spectrophotometer for measure-
ment of the n-pentane and again found that the sampling rate was too slow. We then
investigated the possibility of using Argon for the challenge atmosphere, measuring the
concentration with a mass spectrometer. Because there is almost one percent Argon in
the ambient atmosphere, our laboratory tests demonstrated that the washout of Argon from
the respiratory system required too long a prebreathing period and presented difficul-
ties when switching to the test device after the prebreathing-Argon washout period was
over. We finally chose a system in which the challenge itmosphere is provided by
sulfur hexalluoride (SF.) and the concentration measured with a mass spectrometer. It
is felt that it is important to have an inert gas for the challenge atmosphere to detect
contaminant leakage into the protective breathing device. If aerosols are used (such as
corn oil or sodium chloride) the contaminant will be removed in those protective
breathing devices which have either recirculation or carbon dioxide removal systems,
which is typical of all of the-devices of which we are aware. From July to October
1988, we conducted performance testing for two proposed crew portable devices (5,6) with
testing of a redesign of one of the device in January 1989.

PASSENGER'PROTECTIVE BREATHING EQUIPMENT

As a result of several accidents involvingturbojet airplanes, particularly the accident
involving a B-727 at Salt Lake City In November 1965, the attention of the aviation
industry focused upon smoke and toxic gases as causal factors of passenger incapaci-
tation and failure to evacuate an aircraft before fire and heat rendered the environment

L.. -~ -,-
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uninhabitable. Under these conditions providing passengers with a short-duration supply
of breathable air sufficient toaccomplish evacuation would enhance chances of survival.
The FAA's Civil Aeromedical Institute initiated work on the problem in November 1965,
when Mr. E. B. McFadden fabricated the first two prototypes of a passenger smokehood.
Subsequently, prototypes of a simple, light-weight, protective, bag-shaped hood incor-
porating a neck seal were fabricated under contract by the G. T. Schjeldahl* Compeny,
utilizing special techniques and high temperature adhesives. Rebreather prototypes were
also evaluated for carbon dioxide accumulation during rest and maximal work conditions.

On April 13, 1967, the director of Flight Standards (FS-1) requested the Federal Air
Surgeon (AM-i) to forward all of the information available with respect to development
and testing of smoke hoods. On August 2, 1967, AM-i forwarded a report to Flight Stan-
dards which contained the results of smoke hood tests which CAMI had undertaken in June
and July of 1967. The report also contained an analysis of the smoke hood research and
development program, performance standards for a smoke hood, and the cost and availabil-
ity of the device tested.

In July 1967, evacuation tests were conducted to determine the reactions of a naive
group of subjects (although probably not representative of a typical passenger mix), to
the use of the protective smoke hoods in the presence of smoke. A total of 124 subjects
were tested in the CAMI Evacuation Research Facility. Results indicated that the
presence of smoke was the primary variable influencing speed of evacuation, since
evacuations with smoke were much slower than those undertaken without smoke. The use of
the hoods alone did not seem to have a significant effect on evacuation rate (7, Chapter
6).

During the summer of 1967, Congressman Dingell became interested in the smoke hood
studies. In a letter to the Administrator dated October 11, the Congressman inquired
about the FAA's plans relative to the use of smoke hoods. On November 9, 1967, the
Administrator told Congressman Dingell that more tests and evaluations of the hoods
should be conducted.

As a result of Amendment 25-15 on Crashworthiness and Passenger Evacuation Standards,
the Aircraft Industries Association (AIA) established a crashworthiness research
committee. Boeing, Douglas, and Lockheed participated in the research work, most of
which was carried out at Boeing facilities in Seattle. In their study, eight different
types of passenger protective breathing devices were tested. An evaluation of the
reports (8,9) indicated that the most prorounced difficulty with all of the masks and
hoods was the lack of adequate seal against smoke and fumes. The report emphasized that
simplicity of the hoods motivated more of the subjects to use them. The AIA report
concluded that the masks and hoods evaluated in their study were shown to be unsatis-
factory and that use of these prototype devices in low illumination decreased visibility
and slowed evacuation. It also concluded that further development was required to
produce a device that would be simple to use, effective in providing protection, and not
increase evacuation time.

On December 14, 1967, AM-I, at the request of FS-i, asked the Director of the Aeronauti-
cal Center (AC-i), in Oklahoma City to conduct a full-scale evacuation test on a typical
airline jet aircraft in which smoke hoods are incorporated. The emergency evacuation
tests were conducted at the Aeronautical Center on February 27-28, 1968, utilizing an
FAA B-720 which was equipped with interior seating similar to that on Braniff's B-720.
Six emergency evacuation tests were run; tests were conducted both with and without
smoke hoods and with and without smoke. A report of the results of. the emergency evacu-
ation tests were forwarded to Flight Standards in March 1968. The primary conclusion in
that report is as follows: "There are indications that the use 4f smoke hoods during an
emergency evacuation of a typical air carrier jet aircraft causes a small increase
(approximately 8%) in the overall time required for naive passengers to evacuate" (10).
The recommendation of the report states: "It is recommended that further study of the
data of these tests and AIA data be made to determine whether or not an unequivocal
conclusion can be reached regarding the effect of using smoke hoods on evacuation time."

On May 8, 1968, a joint memorandum to AC-I from FS-I and AM-i requested further study of
the Schjeldahl smokehood including neck seal fit, tests in a noxious environment, more
definitive studies of visibility characteristics, the effectiveness of passenger brief-
ings, the feasibility of providing supplemental air supply, effects on communications,
evaluation of the AIA data, and passenger acceptance.

In May 1968, CAMI conducted tests to determine the effects of the smoke hood on the
vision of human observers (7, Chapter 3). Vision in emergency illumination was so
reduced with aluminized hoods (Type D) as to make them unusable. Visual capacity was
reduced significantly by wearing clear hoods under emergency illumination, but a 20-25 %
increase in the level of emergency illumination would compensae for the transmission
loss through the non-aluminized hoods.

In June 1968, tests were conducted at CAMI to determine the extent to which the smoke
hood acts as a barrier to the transmission of sound (7, Chapter 4). The tests showed
that the hoods do not interfere with the transmission of sound waves. At most, the
threshold shift is 3 dB at 5OOOHz, an amount that is barely discriminable.

*Now spelled Scheldahl
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In September and October 1968 tests were conducted at CAMI to evaluate leakage in pro-
tective smoke hoods in a hydrocarbon environment. It was concluded that the wearer of a
Type S hood with an elastic polyurethane neck seal (original neck seal was of a draw-
string type) was given excellent fume protection (7, Chapter 1).

On December 6, 1968, a project report "Project 2355 - Smoke Hoods" was issued by Flight
Standards Technical Division (FS-40) which recommended the drafting of an NPRM (Notice
of Proposed Rule Making) to require smoke hoods on operations conducted under Parts 121
and 123 of the FARS in accordance with recommendations made within the report.

On January 11, 1969, NPRM 69-2, "Protective Smoke Hoods for Emergency Use by Passengers
and Crewmembers" was published in the Federal Register. There were 21 responses to the
docket. Three responses were neutral, ten responses supported the NPRM and eight were
opposed to the NPRM.

On August 11, 1970, NPRM 69-2 was withdrawn by the FAA, the principal reason cited being
that the hood might cause a delay in evacuation.

Late in 1971, a comprehensive report relative to smoke hoods was reviewed by several
members of the National Research Council. They rejected the viewpoint that the carbon
dioxide accumulation in the hood and the accempanying hyperventilation would produce
sufficient discomfort to cause removal of the hood. They suggested absorption of the
carbon dioxide and addition of a source of oxygen to the hood in order to provide
extended usage. The feasibility of using a small chemical oxygen source was then
investigated. It appeared that any form of protective equipment acceptable to the
airlines would have to include a life support system (oxygen or breathable air).

In 1974, tests were conducted at CAMI to evaluate the use of a passenger oxygen mask in
combination with a smoke hood (11). Tests were conducted at ground level, 8,000 ft, and
14,000 ft with flow rates of 4.2 L/min and 5.5 L/min. After emptying the oxygen reser-
voir of the continuous-flow passenger mask the air drawn in was from the uncontaminated,
oxygen-enriched air in the hood. Carbon dioxide remained at acceptable levels and
subjects were protected from inward leakage.

In June 1980, the Federal Air Surgeon accepted a request for an R, E and D (Research,
Engineering, and Development) effort from the FAA Technical Center for CAMI to examine
cabin smoke/fire protective breathing devices for passengers. Advancements in protec-
tive breathing devices and limited progress in the minimization of cabin fire hazards
prompted the SAFER Technical Group on Compartment Interior Materials to recommend a
reassessment of protective breathing devices for use by passengers aboard transport-
category aircraft.

In July-September 1981, eight different devices were tested at CAMI (12). Of the
devices tested, it was felt that a passenger oxygen mask modified to incorporate a
controlled-use rebreather reservoir in addition to, but separate from the oxygen
reservoir, offered the best approach to achieve the desired objectives.

During the ensuing two years, work in passenger protective breathing at CA2M1 had to be
reduced due to increased commitments to studies of crew protective breathing equipment
and water survival. Following the Air Canada DC-9 accident at Cincinnati on June 2,
1983, interest in passenger protective breathing equipment increased again.

The National Transportation Safety Board (NTSB) Safety Recommendation A-83-76 (October
31, 1983), recommended that research be expedited at CAMI to develop the technology,
equipment standards, and procedures to provide passengers with respiratory protection
from toxic atmospheres during in-flight emergencies aboard transport-category airplanes.

Hearings, during November 1983, on cabin air quality before the Subcommittee on
Aviation, Committee on Commerce, Science and Transportation, included discussions
related to fire safety and breathing devices for emergency use by passengers. The FAA
was urged by Chairman Elliott Levitas to take measures for additional passenger
protection. The FAA Administrator, in response, pledged to reevaluate occupant
protection against smoke and toxic fumes and stated that the FAA planned to take action
in many areas to improve survivability in the cabin. During these hearings testimony
indicated that segments of the aviation industry also were interested in, and were
promoting PPBE development.

The FAA's Office of Airworthiness established a "Passenger Protective Breathing Assess-
ment Committee" with representatives from the Office of Aviation Medicine (OAM), Techni-
Technical Analysis Branch of Airworthiness, Technical Analysis Branch of Flight
Standards, Systems and Equipment Branch of the Northwest-Mountain Region, and CAMI. The
first meeting was held January 26, 1984," to discuss current problems and possible
solutions. On April 2, 1984, CAMI was asked by the Director of Airworthiness and the
Federal Air Surgeon to initiate a priority program to evaluate the performance of a
passenger mask, modified by the addition of a rebreather bag, at flight altitudes
typical of airline operations (8,000 ft), with information on total oxygen requirements
when used at this altitude. The FAA Administrator had set September 30, 1984, as a
deadline for a definitive report from the committee. In August a preliminary report of
the CAHI study was forwarded to the Office of Airworthiness to be incorporated in the
committee report. Results indicated that the device functioned well when respiratory
minute volume was low (resting) but did not function for 8 of 10 subjects when minutevolume was high (with exercise).
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On-August 29, 1984, the Aircraft Engineering Division of the Office of Airworthiness
(AWS-lO0) issued a position paper "Cabin Fire Hazard Analysis for Evaluation of Passen-
ger Protective Breathing Devices." The conclusion was: "The position taken by FAA in
the September 27, 1983, letter to chairman Levitas is sound. The improvements resulting
from FAA regulatory actions obviate the need to mandate passenger protective breathing
devices. The use of fire-hard panel construction for walls, ceilings, partitions, and
cabinets, and fire blocking for seat cushions, greatly reduces, and in many cases
eliminates, the inflight fire potential of the vast majority of materials used in the
cabin. Smoke detectors provide early warning in the more vulnerable areas. Improved
Halon 1211 handheld fire- extinguishers and crew protective breathing equipment provide a
far more effective fire suppression capability and protection for those fires which
might occur."

In September 1984, AWS-100 issued a staff study which included material from the
Passenger Protective Breathing Assessment Committee and reiterated the material in the
above cited position paper. The study indicated that an effective, practical breathing
device suitable for use in commercial airliner cabins to protect passengers had not been
identified and that the above mentioned cabin fire hardening proposals would reduce the
need to further develop protective breathing equipment for passengers. The study
recommended FAA evaluation for any devices developed by industry that were shown to have
promise. If the evaluation proved positive the results could be used to develop
criteria for TSO approval. In addition, it was recommended that the Agency should
continue to evaluate the need for protective breathing equipment, and that the Agency
should continue to participate in industry-sponsored meetings (SAE S-9, SAE A-10
committees) to discuss protective breathing issues.

In September 1984, Scott Aviation requested an evaluation of a new design of the passen-
ger mask with rebreather bag. Accordingly, testing was conducted with the redesigned
device. The device provided protection for those individuals who had tiddl volumes of
1.5 L or less. Tidal volume is the amount of air exhaled during a single breath and 1.5
L is equal to 1500 cc's or a little over 3 pints. However, it did not function properly
for those whose tidal volumes exceeded 1.5 L. This is not an unusual tidal volume for
some well-conditioned adults, either during physical exertion or in a state of anxiety.
Either the CO2 levels were too great or the rebreather bag collapsed (13).

On January 22, 1985, the FAA Administrator replied to the NTSB concerning recommendation
A-83-76 cited above. He reiterated the findings of the staff study cited above, indica-
ing that if industry developed suitable devices that showed promise, the FAA would
evaluate them and develop criteria for their approval.

Interest was again stimulated by the British Airtours B-737 accident at Manchester on
August 22, 1985. At the request of Mr. E. J. Trimble of the Accidents Investigations
Branch, Department of Transport, U.K., a conference was convened at CAMI March 17-18,
1986, to discuss passenger protective breathing equipment.

A joint effort to evaluate the potential for PPBE was initiated by the CAA, with
participation by the FAA, Transport Canada, and the French DGAC. The first meeting was
held in England, Sep. 28-Oct. 2, 1986. A second meeting was held in Ottawa in mid-
November 1986.

As a part of this cooperative effort, CAMI undertook a study to evaluate workloads,
oxygen consumption, carbon dioxide production, and respiratory exchange rates for
passengers during an evacuation. This study was undertaken in an effort to define
possible qualification standards for PPBE. The results of this study (14) were
presented at the Four-Nation Passenger Protective Breathing Equipment Workshop held at
CAMI Feb. 3-5, 1987.

In May 1987, CAMI participated in cooperative tests at Birmingham, England to further
define workload, 0. consumption and CO. production, as well as respiratory exchange
rates during an evacuation with higher energy expenditures than those of the CAMI study.
Subjects evacuated over seatbacks without access to the aisles. Publication of the
results of these tests is still pending.

In August 1987, another cooperative study was conducted at CAMI to determine the effects
of PPBE on exit rates through the smaller types III and IV exits. This was followed in
October 1987 with a study of the effects of PPBE and smoke on hatch plug removal for
Type III exits. A report on the hatch plug removal study was published as a Protection
and Survival Memorandum Report (15). Publication of the results from the study on the
PPBE effects on evacuation rates through the types III and IV exits was delayed pending
the conduct of a follow-on study in which the same tests were repeated with the addition
of simulated smoke. These later tests were completed in November 1988 and results are
anticipated soon.

On December 16, 1987, the Chairman of the Civil Aviation Authority (CAA) issued a state-
ment, in part, it reads: "The CAA Board has unanimously agreed that the Authority should
not at present make smoke hoods a mandatory requirement for airlines. This is not our
judgement alone. It is shared by the aviation athorities of the United States, France
andCanada with whom we have been conducting joint research in this matter and by many
of those whom we have consulted. - - - We and other authorities with whom we have been
working believe that further work still needs to be done on several important points,
and when we come to review the case for regulatory action we shall also need to take

- ....... r~~r-~~-rs~'r-
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into account other fire protection developments such as cabin water sprays. - - - I can
assure you that, with the other authorities, we will press ahead urgently with our work
in achieving a satisfactory specification." The CAA issued their Specification No: 20,
Passenger Protective Breathing Equipment (PPBE) - Smoke Hoods on May 9, 1988, setting
forth their requirements for PPBE.

it is anticipated that CAMI will continue to work toward the establishment of a suit-
able standard for PPBE. The SAE A-10 committee recently issued their first draft of an
Aerospace Standard for PPBE (AS-8048), with the first balloting completed in the Fall of
1988. After receiving the comments and ballots, the ad hoc committee began work to
rewrite the AS, and CAMI will continue to cooperate with them in this effort.
Although there was no forLa, CAMI involvement in several of the FAA actions, the
following is a list of several FAA activities related to this topic:

1) Seat Cushion Fire Blocking - Final Rule, 10/23/85, Compliance date = 11/26/87;
Part 135 extensict -Final Rule, 11/25/87, Compliance date = 12/1/88

2) Lavatory Smoke Detectors - Final Rule, 3/26/85, Compliance date = 10/29/86
3) Lavatory (waste bin) Automatic Fire Extinguisher - Fina, Rule, 3/26/85,

Compliance date = 4/29/87
4) Halon Fire Extinguishers - Final Rule, 3/26/85, Compliance date = 4/29/86
5) Class E Cargo Compartment Fire Extinguishers - Final Rule, 3/26/85, Compliance

date = 10/29/85
6) Class C & D Cargo or Baggage Compartments - Final Rule, 5/16/86, Compliance Date

= 6/16/86
7) Improved Cargo Liners - Notice of Proposed Rule Making (NPRM) issued 10/28/87

with a 2 year compliance date proposed.
8) Crewmember PBE for Flight Attendants (any crewmember) - Final Rule, 5/26/87.

Compliance date = 7/6/89
9) Heat Release-Interior Materials - Final Rule, 7/10/86, Compliance dates = 8/20/88

& 8/20/90
10) Smoke Density - Interior Materials - Final Rule, 8/19/88, Compliance date

8/20/90
11) Fuel System Fire Protection - NPRM in draft
12) Small Airplane Crash Resistant Fuel systems - NPRM in draft
13) Passenger PBE - International Standard being developed
14) Cabin Water Spray system - FAA/CAA/TC - R&D program
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DISCUSSION

F. TAYLOR (comment)
I should like to confirm Mr. Higgins' rewark concerning

elevated heart rates due to anxiety and to workloads. While
waiting to open overwing exit during Cranfields' evacuation
trials I have observed that my heart rate has increased conside-
rably but so far I was aware my breathing rate and depth remained
the same. ( This is surely relevant to workload requirements
for smoke-hoods.)

J. ROSS
The method you use to aseess workload, ventilation, oxygen

consumption and carbon dioxide production requires the use of
subjects whose heart rate changes in response to steady state
exercise are known. This steady state is not achieved during
aircraft evacuation. Do you regard this method satisfactory,
therefore, for the purpose of assessing physiological responses
during escape.

AUTHOR'S REPLY:
This method has short coming, i.e.: the short periods of

effort do not represent steady state; heart rate can be elevated
due to psychogenic causes and give falsely high values.
Unfortunately, I know of no good method of making these assess-
ments during test conditions. As being representative of a seg-
ment of an overall profile, this is a satisfactory technique
for our purposes.

_ _ _ _
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THE INVESTIGATION OF PARTICULATE MATTER IN THE LUNGS OF SMOKE INHALATION DEATH VICTIMS
BY
WING COMMANDER I R HILL and SERGEANT B P MICHELSON
RAF Institute of Aviation and Forensic Pathology
Halton, Aylesbury, Bucks HP22 5PG, England

INTRODUCTION

Although the mechanisms involved in the causation of injury and death, due to the
inhalation of the products of combustion are incompletely understood, the potential
hazard is well recognised and has been, at least in part, for many years (1,2,3,14).
The responses to smoke and toxic fume inhalation are many and varied. They Include
airway obstruction, bronchitis, atalectasis, pneumonitis and respiratory failure. Damage
to the cilia in the upper respiratory tract and to respiratory macrophages, may cause
changes In the pulmonary defence mechanisms, which may in turn predispose to lung
infection (5).

The Manchester Airport Boeing 737 accident In 1985, and subsequently a series of
domestic fires, have refocused lay interest in the various hazards. Insofar as house
fires are concerned, 30 people died when soft furnishings were the first Item ignited
in 1962; 20 years later 152 people died thus (6). Research uorkers in various countries
have long expressed an interest in this problem and there has been considerable
expenditure of effort and resources, in attempts to fully understand the mechanisms
involved. Unfortunately contrary views still persist and this has its effects upon
attempts to understand mechanisms and to propose logical solutions, which %ill improve
the safety of the environment in fires.

This paper examines the literature and looks at the results of some microscopical
studies of the victims of fires, in an attempt to explain some of the observed phenomena.

METHOD

THE INVESTIGATIONOFPARTICULATE MATTER IN THE LUNGS OF SMOKE INHIALATION DEATH -VICTIMS

1. The initial work was carried out on the victims of a helicopter accident where
the post mortem histology of the lungs of the crewmen showed a larger than expected
amount of dense particulate matter in both the alveolar spaces and in the cilliated
borders of the Clara cells of small bronchioles. Both bodies showed signs of smoke
inhalation following the post crash fire. On processing random blocks of lung for
electron microscopy these apparently amorphous particles showed a surprising diversity
in shape and texture and structure and appeared as probably carbon coated particles
from the burning cockpit of the aircraft.

2. The next phase was to examine the bodies of the passenbers from the 1985 Manchester
Aircraft fire. This gave us more information, as all the victims died of asphyxiation
and post mortems showed macroscopic evidence of smoke inhalation extending into the
bronchi. Random sections of lung for histological examination also confirmed the presence
of dark amorphous particles in alveolar, interstitial and bronchiole spaces.

As we had no detail of which part of the lungs had been taken for the histological
examination it was decided to take samples for electron microscopy from random areas
of the lung but from a depth not exceeding 1cm from the pleural surface. This was done
to give some degree of control of the type of specimen and to give an indication of
the depth of penetration into the lung of these particles.

3. Initially the lungs of the first ten bodies were sampled and processed into "SPUFR"
resin for electron microscopy. All reagents were filtered through O.2um filters to
minimise any possible contamination of the tissues and each case was processed
separately, again to avoid cross contamination.

4. The first 10 bodies examined had an age range from 18 months to 57 years and on
the examination of the semithin (0.5um) sections all the bodies examined showed the
presence of particle matter in alveolar, Interstitial and bronehiole spaces.

5. To give further control it was decided to carry out further sampling on all bodies
under 20 year old to minimise particle Inhalation due to natural causes. Two other
samples were processed from lungs of bodies which had died from non-inhalation associated
means.

6. The overall picture presented by this group of under 20 year olds was the presence
of varying amounts of brown to black coloured particles in the alveolar and interttitial
tissue spaces and more spectacularly in the borders of the Clara cells. These particles
varied In shape, density and colour at light and EM levels. The control lungs alai
showed the presence of particulate matter In alveolar and interstitial spaces but this
was of a more uniform shape and density corresponding to carbon particles normally seen
in the hylar region of the lung in post mortem tissue.

,?2 :' " r,:i
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The lung samples for electron microscopy were divided into Imm cubes and processed
using our routine regime involving the following stages.

a. post fixation in osmium tetroxide.

b. washing in distilled water.

c. dehydration in graded alcohols.

d. link reagent - propylene oxide.

e. impregnation in Spurr resin.

Semi-thIn (0.Su) sections were examined at light microscopic level and suitable
areas for electron microscopy were selected. This also gave an indication of the
particle density and distribution in the tissue.

Particle Analysis

The particle analysis was carried out using a Zeiss EM902 transmission electron
microscope. This microscope Is fitted with an electron energy loss spectroneter and
enables ultra thin (3Onm) specimens to undergo elemental analysis. The basic principle
behind this is that when the electron beam of the instrument strikes an atom in the
specimen it causes that atom to absorb some of the energy of the beam. This energy
loss is measured by a detector unit and the amount of en'gy lost is a known
characteristic of each element in the atomic table.

RESULTS - PHASE III

BODY AGE SEX CO CN PARTICLE PROVISIONAL ANALYSIS
(%) (mg/dl) DISTRIBUTION FINDINGS

AV8811/1 23 M 19 17 particles present central carbon core
in alveolar and with layers of
interstitial silicon, aluminium
spaces and magnesium

AV8528/2 20 F 45 190 bronchiole clara aluminium, silicon
cell borders lined and carbon present.
with particles. Magnesium was

difficult to detect
positively.

AV8528/7 18/12 F 45 290 bronchiole clara carbont, aluminium,
cell borders lined magnesium and
with particles and silicon.

AV8528/9 18 F 41 70 particles carbon, aluminium,
scattered through magnesium, silicon
alveolar, and phosphorous
interstitial and
blood spacts.

AV8528/13 19 F 45 250 particles present carbon, aluminium,
in the alveolar phosphorous
and intersti.ial and silicon.
spaces.

AV8528/19 11 14 45 250 particles present Carbon, aluminlum,
in the alveolar, magnesium,
interstitial phosphorous and
and blood silicon.
filled spaces.

AV8528/30 19 F 54 240 particles present carbon, aluminium
in the alveolar, and silicon
interstitial and
blood filled
spaces.

----- ---- ---- ---- ----- ---- ---- ---- ----- ---- ---- --..................- ----
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BODY AGE SEX CO CN PARTICLE PROVISIONAL ANALYSIS
(W) (mg/dl) DISTRIBUTION FINDINGS

AV8528/4O 16 F 61 315 particles present very small amounts
in the alveolar, of carbon but the
interstitial and particles contained
blood filled metallic aluminium
spaces. silicon, phosphorous

and magnesium and
nitrogen. No oxygen
or sulphur was
detected.

-----------------------------------------------------------------------------------------

AV8528/45 19 F 41 190 particles present carbon, aluminium,
in the magnesium and silicon
interstitial
spaces and in
blood vessels.

..........................................................................................

AV8528/47 15 F 79 84o particles present carbon, aluminium,
In the alveolar magnesium and silicon.
and interstitial
spaces and within
several blood
vessels.

AV8528/53 9 F 61 310 very dense lining carbon, aluminium,
of the clara cell and magnesium.
cell borders plus
alveolar spaces.

CONTROL
CLI 19 M 0 0 particles present carbon only.

In the alveolar,
interstitial and
blood filled spaces
also within
macrophages.

CONTROL
CL2 12 M 0 0 particles present these particles

in the alveolar showed no evidence
interstitial and of carbon but
blood filled appeared as metallic
spaces and within oxides or lead and
macrophages aluminium

DISCUSSION

Many publications on the subject of fires, especially those concerned with the
causation of death, centre their discussions around the presence or absence of
carboxyhaemoglobin. Measurements of cyanide levels in blood are widely held to be
problematical, because of the potential for changes in the levels to occur post-mortem.
Thus they have tended to be regarded as unreliable (7). However recent techniques have
shown that this view is not accurate (8). Moreover, experience gained in the analysis
of samples taken from the victims of the Manchester accident, showed that repetitive
testing of indtvidual and multiple samples and the correlation of figures obtained for
carbon monoxides, cyanide and volatiles, gave credibility to recorded levels of hydrogen
cyanide in the blood. This argument typifies some of the debates und the approaches
to the solution of problems generated by fires.

______________________________________ ____________
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In any fire, the thermal degredation of the "fuel" is likely to be due to two
processes. Firstly, when there is sufficient oxygen available there will be complete
combustion. However, there will be areas where this does not happen, and so pyrolysis
will occur. The dynamics and controls of this are beyond the scope or this study;
suffice it to say that fires are very complex and constantly changing, so that the
environment which they produce is varied. Fortunately a number of general statements
can be made about the conditions and these are true for most fires. Thus the environment
will be hot, smoke particles and toxic gases will be given off. These will sting the
eyes, cause watering of the eyes, block the eyes, nose and or mouth either partially
or completely, cause fear and produce a range of pathophysiological responses, which
will impair the individual's ability to escape and may cause either injury or death.
It is the mechanism by means of which these effects occur which is of interest, for
by understanding them, we are better able to formulate valid methods of prevention and
treatment.

In any accident involving fire, the potential hazard of smoke inhalation, should
not be underestimated. Survivors may appear well initially, but lung function may
deteriorate rapidly in the 24 hours following exposure (9).

From the practical view point, the heat from fires cannot be ignored, because this
causes many deaths either by itself or in combination with the products of combustion.
However it is both possible and reasonable to consider the two in isolation, because
their effects are so dissimilar. Moreover, the importance of Inhalational injury as
a cause of death, has been widely recognised (10, 11, 12).

Smoke is a mixture of particulates and gases, which are sometimes referred to as
volatile substances (13, 14, 15), although this can be misleading, because not all of
the gases given off in a fire are in fact volatiles as is generally understood by the
term.

Injury to the respiratory tract resulting from exposure to fires may be caused
by heat, chemicals and iatrogenic effects (16). The latter which includes over
transfusion, oxygen toxicity, Intubation and sepsis is not strictly relevant to the
present discussion, but it has o be mentioned because it has been argued that some
of the effects seen are a direct result of treatment. This is particularly true of
the pulmonary oedema which is so commonly seen. However, the arguments concerning this
seem to have been resolved (17,18,19,20,21). Thus the possibilities are that injury
is either caused by heat or the products of combustion. The relevance of the resolution
of this, lies in the design of safety measures intended to reduce the morbidity and
mortality from fires, and as such it is not just an academic exercise.

The morbid anatomical appearances of respiratory tract injury and the variations
which may be seen, principally based upon anatomical distributions have been largely
resolved (19,22,23). Unfortunately it Is "often virtually impossible to separate the
effects of direct thermal injury from smoke inhalation injury" (13). Although there
are reports in the literature, which show that dry heat does not penetrate into the
lungs, this view is by no means universally accepted. Clarke et al says that, thermal
injury is restricted by the "huge fead of the major airways to a little more than the
carina." Earlier work showed that air is over 350"C full to between 182'C and 150'C
by the time that it reached the larynx and that air at 500'C full to 50'C by the time
It reached the birfurcationof the trachea. If air at 142'C is inhaled, and it is assumed
that each breath increases the pulmonary ventilation by 500 ml, and that it is dry when
inhaled and saturated with moisture when exhaled, then it will have cooled to 38"C by
the time it reaches the bifurcation. Such cooling would release 13 calories, which
would be offset by the loss of the 13 calories needed to vaporlse the 23 mg of water,
needed to saturate the dry air (24). From these and other animal experiments, it seems
that when head does cause injury to the respiratory tract, it is limited to the airways.
However it should always be remembered that when air Is wet, then the rate of heat loss
is much lower, because steam has a much higher heat carrying capacity than dry air.

Chemical injury can be of two types, either direct or systemic. The former can
be easily understood when thenature of many of the substances given off is appreciated,
thus substances such as hydrogen chloride, hydrogen flucride, sulphur dioxide and
acrolein are intensely irritant. Hydrogen fluoride, for example, will etch glass, a
much tougher substance than the lining of the respiratory tract. As the lungs are
designed for the rapid exchange of comparitively large volumes of gases and because
of this they have a rich blood supply, whichis for all practical purposes open to the
air, then the intake of gases and their transfer to the systemic circulation is easy.
Thus is it likely that any pathophysiological effects which they might give rise to,
will be caused quickly.

Animal experiments have helped us to understand the problems involved. When smoke
Is Insufflated into the lungs of sheep, at a temperature of 39'C; the body temperature
of sheep, the injuries seen are typical of those seen In smoke inhalation (22). There
can be little argument that, given the nature of the products of combustion and the
response of the body to exposure to fires, that chemical injury occurs. Moreover ,
the behaviour of people exposed testifies to the systemic effects and the morbid
anatomical appearances prove that local effects do occur.
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As has been stated earlier, a considerable amount of work has been done on the
structural changes which occur and, whilst not all of these hr.re been fully documented,
there is a good basis of knowledge. Unfortunately, the precise mechanisms involved
in the various responses are not completely understood. Thus the ways in which the
various mediators of the inflammatory response interact with one'another is on'y
partially appreciated (21,25,26,27,28). Resolution of these problems may well improve
treatment methods and'thereby reduce the-toll of. inhalational injury in fires. Part
of the pathway to such a resolution, lies in the establishment of the nature and role
of the particulate matter which may be inhaled. It is easy and wrong, to dismiss this
as just being carbon, and to opine that it will be cleared away by the lymphatic system,
ending up as black patches in the lungs.

There is widely ranging literature on the role of various particles in the causation
of disease. This makes it clear that particle size is an important factor. One review
states that 90 of those measuring 5-10 microns in diameter, will impact in the upper
airways, whereas those measuring 0.5-3 microns will escape filtration (29). This is
not a simple process. Large particles are usually intercepted at the bifurcation of
the airways. Impaction against the side of an airway; usually in the nasopharynx or
tracheo bronchial tract, occurs when particles greater than 3 um in diameter are inhaled.
Gravitational settling and electrostatic attraction have a minor role to play in the
airways, as does Brownian diffusion in the alveoli (30). Obviously many factors will
influence the site of deposition of smoke particles and whether or not they are removed.
As well as particle size, factor such as the concentration and airflow will play a
part (14,30). Humidification of the Incoming air by water vapour in the airway, can
increase the size of particles hyporoscopically and therefore lead to impaction higher
up the respiratory tract (31).

Various studies have shown that the site of deposition differs. Thorning et al
(23) say that most particles which reach the lower respiratory tract are carbon. In
rabbits exposed to smoke, the sites of injury indicate that most particles are deposited
in the proximal large airways. Others have shown that the method of study is important
in establishing the siting of deposition. Thus light microscopy showed them to be within
the cytoplasm of free alveolar macrophages, whereas electron microscopy has shown them
also to be within the cytoplasm of granular pneumocytes (type 2 cells) (32).

It is obvious therefore that particles do get well down into the respiratory tract.
The volume arriving there being dependent upon many factors, not the least of uhich
will be the integrity of the respiratory lining cells. In fires this is likely to be
compromised by the inhalation of smoke. Once the cilia are damaged, then they will
be unable to make the normal defensive response, thereby predisposing to further injury
to the respiratory tract and the wider ranging systemic effects of smoke inhalation.

The importance of particulate matter from smoke in this respect has been elegantly
shown. If smoke is filtered, then the effluent is rendered relatively non-toxic.
Moreover, particles can retain their toxicity for up to 2 weeks (33). This lends
credence to the views expressed by others, that soot particles may be coated with the
products of combustion (13,14). It also supports the view that these toxic substances
can gain access to the airways and the lung parenchyma. Oxides of nitrogen and sulphur,
chlorine and other compounds, being soluble in water, will produce strong ccids and
alkalis, which will damage the airways and lungs. Thus it would seem, that by carrying
toxic agents with them, smoke particles can enhance the toxic loading in smoke
inhalation. The fact that the hazard is increased, is shown by the fact that when
sulphur dioxide is absorbed as carbon pa-ticles it is much more toxic than when it is
not (34). Thus the potential for injury from this cause is higher than was once
appreciated (35).

However, in any fire environment a whole range of products are given off, and
therefore it is likely that any particles will not simply be carbon. In one series,
Antimony, Bromine, Zinc, Chromium, Cobalt, Iron, Lead, Cadmium and Gold were found In
the tracheas of fire fatalities. However the authors were unable to ascribe the
pathological lesions found, to the concentration of the inorganic substances present
(36). This wide range of elements was also shown In the first case we analysed. Here
the victim died quickly and electron microscopy of his lungs revealed the presence of
Aluminium, Silicon, Carbon, and Calcium. Light microscopy had already shown a more
dense particulate deposit than had been anticipated from previous accidents, as was
the case in the Manchester acci',ent. These particles were found in both the alveolar
upaces and on the ciliated border of the Clara cells of the small bronchioles.

The appearances of these particles under light microscopy wns of an apparently
amorphous material. However electron microscopy revealed that they were structurally
diverse. Thus It seems reasonable to assume that they represent parts of the fabric
of the aeroplane which has burnt and subsequently been carried Into the pulmonary tracts
of the dead victims of th fire. Whilst it is true that the two control samples also
show evidence of the deposition of particulate matter in the alveoli and in the
interstitial spaces, this was of a more uniform nature, both in so far as shape and
density is concerned.
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Thus they appear to be similar to the carbon particles found in the hilar regions
of lungs on routine autopsy. As the atmosphere which we bruathe in contains amounts
of particles, it is hardly surprising that some is found in the lungs. However, as
the results show, it is likely that some of the particles which are said to be carbon,
might be other substances. Thus, in the second control we found oxides of lead and
aluminium, the source of which has not oeen determined. There was nothing in the history
to suggest where they may have come from, possibilities like burning paint and petrol
fumes have to be considered.

In the case of those who died from the Manchester Fire, the wide range of materials
found can be attributed to the burning of the aeroplane. The aircraft skin was an
aluminium alloy, which contained magnesium, with small amounts of copper, iron, manganese
and tungsten. The last four metals were not looked for in the initial search, but
further work is under way. Silicon is found in window gaskets and other rubberised
furnishings. The phosphorous which was detected, may have come from fire retardent
treatment of the interior furnishings; a fact which illustrates the difficulties in
trying to reduce the effects of fire.

The relevance and the importance of these findings, which although only preliminary,
lies in the fact that they illustrate the extent of the perfusion of the lungs by the
toxic materials generated in fires. This may occur early and therefore, could be of
considerable significance to survivors who sustain smoke inhalational injury. The
possibility that particles such as these may, especially if retained, assist in the
pathogenesis of lung disease later in life, cannot be ignored. There is though, a dearth
of evidence from long term studies of the victims of fires. The other significant
feature, lies in the part which these particles may play in the causation of death,
either because of their own toxic reactions or because of their relationship to other
as yet undetected chemicals.

CONCLUSIONS

1. The bodies of victims of aircraft accidents in which there has been a fire, are
likely to contain particulate matter in the alveoli and smaller airways.

2. These particles represent the products of combustion of the airframe.

3. As such they are likely to cause damage to the pulmonary tissues and may be the
mediators of injury due to adsorbed toxic chemicals.

4. They may also be toxic themselves.

5. It is conceivable that similar particles may be present within the lungs of other
victims who survive and that they may cause respiratory problems.

6. The only effective way to prevent them entering the lungs is to filter them out.
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DISCUSSION

J. ROSS
We have measured respiratory responses to levels of oxygen

and carbon dioxyde likely to be found in firesmoke and moderate
exercise. Total volumes in excess of 3 liter and minute ventila-
tion in excess of 110 liter are found in men. Are these observa-
tions relevant to your pathological findings.

AUTHOR's ANSWER:
The more you breathe the more you will inhale smoke and

toxic gases. However it has to be remembered that the respiratory
response to smoke and toxic gas inhalation is very complex,
some substances having a stimulant effect, whilst others will
diminish respiratory activity.Some have a direct and profound
effect such as chlorine.

F. TAYLOR.
Are you able to compare the injuries, ie lung damage, of

those who died in the KingsCross underground fire and thpue
from the Manchester's B737 fire?

AUTHOR's ANSWER:
We hope to be able to do so in the future.

T. MARTIN.
The majority of immediate deaths at RAMSTEIN were due to

severe burns, and later from septicaemia and post-operative
complications. We have recently seen a number of deaths due
to chronic respiratory illness in patients who haJ suffered
inhalation injury. These victims were not involved in a cabin
fire. Do you think your findings are relevant in these cases?

AUTHOR's ANSWER:
To be able to comment upon these features of the RAMSTEIN

disaster, I need to have access to the full medical and accident
details. It is interesting that people should sadly have suffered
continuing respiratory problems. The possibility that these
may be due to smoke inhalation is high.
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J. WATT.
1. Comment: As chest physicians we certainly see victims of
various forms of acute lung injury including fire smoke exposure
who remain disabled by permanent lung damage.
2. Is there any information concerning lung function of Manches-
ter survivors over the years since the accident?
3. Have you be able to obtain pathological material from Man-
chescer survivors who have died subsequently?

AUTHOR's REPLY:
2. As far as I am aware the only studies done were on those
who were taken to hospital and published in the British Medical
Journal. It showed that those who had pre-existing lung disease
did worse.
3. No

K.W. SMITH
1. You referred to the effect of carbon particles in

modifying reaction to (or absorbtion of) other toxic gases.
In your PM's is it possible to distinguish the origins of the
carbon, (,.g. aircraft structure or burning fuel?

2. Carbon granules are commonly used in filter cartridges,
have there been any problems with carbon dust from these?

3. Carbon fibre seats, when consumed by fire, will produce
(largely) CO, CO' and carbon dust, will this add to the problem?
(may be academic because temperature to cause this is unlikely
to be survivable)

AUTHOR's REPLY:
1. Not so far as I am aware.
2. Not so far as I am aware.
3. It is quite feasible that this could happen, especially

if toxic gases were to be absorbed onto the carbon granules,
hereby enhancing their toxicity.

D.A. PURSER
It is known that hot steam at IOO

0
C+ is very damaging to

the lung but that clean water vapour droplets are not. One
unknown is the thermal capacity of typical fire atmospheres
before and during water application. It should be relatively
simple for fire scientists to provide this information. Water
vapour droplets in fire will contain toxic products and are

likely to be of inhalable particle size and could cause lung
damage.

AUTHOR's REPLY:
I agree, I think that it is not only interesting, but very

important. We need to know the exact volume and the degree of
thread posed by all hazard injuries, so that we can better
protect those who are exposed to them.

t1

!I
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THE IMPORTANCE -OF PATHOPHYSIOLOGICAL PARAMETERS IN-FIRE MODELLING OF AIRCRAFT ACCIDENTS

JOHN S S STEWART FRCS

-ROYAL-ALBERT EDWARD INFIRMARY, WIGAN, WNI 2NN, ENGLAND

ABSTRACT

The importance of pathophysiological parameters in fire modelling of aircraft accidents
has been-under estimated. Pathological and toxicological studies and survivors' evidence
all indicat6 iapid, incapacitation by kerosene-smoke. A combination of anoxic and
stagnant anoxia can explainthe-evidence. Incapacitation by smoke is the important event
which leads-to death from cyanideand~carb6n monoxide poisoning.

Fire blocking and fire hardening, although useful in some limited situations, are largely
irrelevant to real accidents involving-fatalities. Fire models which purport to
establish a safety benefit, on the sole basis of escape time to flashover, are far too
simplistic. Much more-weight'should be given to protective breathing equipment and to
water spray systems.

INTRODUCTION

Fire modelling is like using a corputer. If you put rubbish in, you get processed rubbish
out and if you ask the wrong questions you are very unlikely to get the right answers.
Fire modelling of aircraft accidents is not easy for knowledge extends throughout many
disciplines and few data, let alone accurate data, are available upon which to base
estimates of the variables involved.

The lethal effects of smoke inhalation were known in ancient times. Pliny described in
his writings how Roman prisoners were put to death by exposing them to the smoke of green
wood fires.- -By a curious quirk of fate Pliny the Elder died of asphyxiation from
inhaling-sulphurous smoke when attempting to rescue people fleeing the volcanic erruption
of Vesuvius in 79 AD. Today, new plastic materials make the smoke more toxic and one
does not have to be a prisoner to suffer the same fate.

Following the Manchester aircraft accident it was noted in a review by Stewart (29) that
the deaths may have been caused by a mechanism which had not yet been identified. A
mechanism is now suggested: the combination of anoxic and stagnant anoxia. It is believed
that pathophysiological parameters are very important in fire modelling but such
parameters appear to have been under estimated and their role in causing incapacitation
has not been clearly defined. There is an apparent unwillingness to accept the obvious
inferences from the pathological and toxicological findings, even when these are repeated
time after time in different accidents. Furthermore, the contribution of kerosene smoke,
as a cause of incapacitation, would appear to have been forgotten. Finally, the apparent
importance of physi:,logical factors has not, hitherto, been recognised or defined.

FIRE MODELLING

Previous aircraft accidents were reviewed in CAA paper number 87017 (4) to provide a net
safety benefit analysis (NSBA) of introducing respiratory protection for aircraft
passengers,. A similar analysis using the same data, but with slightly different
assumptions, has been made by Speitel and Hill (28). The NSBA of CAA (4) has been
subjected to detailed criticism by Stewart (30) and Vant (34) and the Linacre College
Conference (14) strongly disagreed with some of the assumptions made in the NSBA papers
(4, 28) which rely heavily on previous methods.

A wide body test article was described by Sarcos, Hill and Howell (25) and the testing of
materials was described by Hill, Brown, Speitel, Johnson and Sarcos (10). The former (25)
is a useful test method in which the cabin remains intact and in which flashover occurs.
However, it is not relevant to real accidents, such as Manchester (12), in which
flashover did not occur. The latter (10) is a very useful test method for testing the
effect of radiant heat on diffeient materials. However, it is not valid to extrapolate
from the test model to real aircraft fires and the conclusions reached are not sustained
by the-data presented. Recently, results contrary to those described by FAA have been
found in a similar large scale Airbus test reported by Feldkirchner (8). Lethal
concentrations of toxic gas emissions were found before flashover. Later, a News Report
(19) confirmed that FAA have acknowledged that fire hardened materials make more smoke
and toxic gas.

The limitations of the previous test method (25) have been admitted at the Redhill
Conference arranged by the Civil Aviation Authority by Hill (11) who also stated that
Manchester was an odd ball accident. However, it was real people who died in a real -accident at Manchester and, in fact, it is the fire modellers who have been performing
odd ball experiments for years. It is time that the experimental model is changed tomatch the accident evidence instead of expecting real accidents to conform to the
preconceived misconceptions of the modellers. It is admitted (4, 28) that the
present fire modelo are susceptible to assumptions. However, the failure to consider
limiting values, -such as the case in which fire blocking and fire haidening are without
effect, makes-the m6del deficient and the conclusions misleading. Existing fire models

--
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(4, 28) could be run again with assumptions more relevant to real aircraft accidents and
to incapacitation but, in the meantime, the NSBA conclusions should not be used by
regulatoryauthor ties to defend-policies which appear to be~both unsound-and unsafe;

POSSIBLE CAUSES OF EARLY COLLAPSE

The inquest evidence (12) on the victims of the Manchester aircraft accident is quite
conclusive. There was evidence of inhalation-of fumes in all who died. Heat was a
factor in some but the vast majority died from inhalation of smoke and the autopsies
showed carbonaceous material distributed throughout the respiratory tract. The cause of
death was given as cyanide or carbon monoxide-poisoning or both, in most cases. The
survivors' statements suggested that the smoke was toxic. None of the survivors reported
breathing in more than a few breaths of the- thick black -smoke. Several survivors
ocuaped-and r6c6 ered or were at the point ofcol:lapse'as they escaped. Incapacitation
o6curred before "burning seats or furnishings could contribute, the initial grey smoke
apparentlycame from-the side wall furnishings and the thick-black smoke apparently came
from kerosene. The Air AccidentsInvestigation Branch of the Department of Transport
concluded that flashover did not occur and this is consistent with the toxicological
evidence. O'Hickey, Pickering, Jones and Evans (21) reported that carboxyhaemoglobin
levels -were normal or low in the survivors-but it was reported at the Inquest (12) that
they were very high in most of the, fatalities. This suggests that, having been
incapacitated by smoke, the passengers lived long-enough to breathe in a lot of carbon
monoxide i d cyanide which eventually killed them.

KEROSENE SMOKE

It is surprising that there is still doubt or discussion about the effect of kerosene
smoke. Kerosene is a pure hydrocarbon and the products of complete combustion are
therefore water and carbon dioxide. With incomplete combustion, smoke particles, carbon
monoxide and water are formed. The Notice of Proposed Rule Making (NPRM) issued by the
Federal Aviation Administration in 1969 (20) referred to an aircraft accident in which
many of the survivors required treatment for smoke inhalation and it was stated "many
survivors reported difficulty in breathing after one or two breaths of the dense smoke."

A paper by Snow, Carol and Allgood (26) compared and contrasted three accidents. In the
Denver DC8 accident smoke was the primary hazard; in the Rome B707 it was fire and blast
and in the Salt Lake City B737 it was intermediate in type with the main hazards being
smoke and cabin fire. Carboxyhaemoglobin levels were highest in the Denver accident and
lowest in the Rome accident. Carboxyhaemoglobin levels were also inversely proportional
to the percentage of fatalities and indicate that smoke rather than fire was the cause
of death in many cases. The data on seat positions suggested that duration of exposure
to smoke is important and that there is a greater risk of death if the passenger is
seated further from an exit. This suggestion has recently been confirmed by the elegant
statistical analysis performed on data obtained at the Teeside trials and reported by
Vant (35). In these accidents (26) the survivors reported that they could no longer
breathe or utter any sound after a breath or two of smoke. A pharmacist in the Salt Lake
City accident described the sudden effect of the smoke upon himself as causing "a massive
bronchospasm". It seems very clear from this early evidence that kerosene smoke alone
may cause incapacitation. However, the mechanisms have not been established.

CAUSAL AGENTS

The effect of the products of combustion should be considered. Carbon dioxide stimulates
frequency and depth of respiration and in higher concentrations it may cause gasping.
Water, as super heated steam, may cause upper or lower respiratory tract burns.
Particulate is the most likely cause of rapid incapacitation. It would appear to act by
causing anoxic anoxia and stagnant anoxia. The possible contribution of carbon monoxide,
cyanide and free radicals should also be considered.

CARBON MONOXIDE AND CYANIDE At autopsy, high levels of carbon monoxide have been
reported by Snow et al (26), by Mohler (17) and by Miniszewski, Waterman, Campbell and
Salzberg (18). In the latter studies (17, 18) cyanide was measured also and was found to
be high. The effect of carbon monoxide is important if there is prolonged exposure but
cannot explain collapse after exposure for-only 30 to 60 seconds. Cyanide may cause
rapid incapacitation but it does not occur in kerosene smoke. Carbon monoxide does occur
in kerosene smoke but it does not cause rapid incapacitation.

FREE-RADICALS When energy, as in a fire, is added to molecules, some are split into free
radicals. Some free radicals are electrically neutral and others are electrically
charged. Symons (32) has pointed out that most free radicals have a transient existence
and can take part in three types of reaction. They may dimerise and become stable.
Alternatively, as Dormandy (7) has emphasised, they may enter a chain reaction which
goes on producing free radicals until they are effectively neutralised by peroxidase or
another of the protective body mechanisms. Thus, a single free radical has a greater
chemical effect than a single molecule. It is possible that free radicals may make- a
contribution to anmoic anoxia by interfering'with gas exchange.

Church and Pryor (5) have established that free radicals do occur in smoke. Lowry,
Petersen, Petty and Badgett (15) consider that they cause incapacitation by reacting with
surfactant to diminish oxygen uptake. This conclusion is challenged by Lachoki, Church
and Prjor (13) whojpqint out that the yield of free'radicals in different types of smoke
doesnot correlate with the known toxicity of these. Lowry (16) replied that unpublished
wdrk shows significant alterations to pulmonary surfactant but did admit that the studies
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have not been fully-controlled. It is accepted by Symons (33) that the existence of some
free radicals iay be -long and a new method of captureoand'study has been described by
Ragai (23). Frbe radicals may cause "or'contribute to the adult respiratory distress
syndrome and to the&ventilation perfusion inequality which Robinson, Hudson, Robertson,
Thorning, 'Carrico and Heimback (24) found following -smoke inhalation. They maj act by
causing -pulmonary oedema and may interfere with surfactant, as noted by Haagsmani and
Lambert (9).

Although free radicals are known to occur in smoke their contribution to incapacitation
and respiratory tract damage has not been established. Progressive anoxia would be
expected, and' toxicological examination shbuld' shbw low levels of carbon monoxide and
cyanide. Some of the toxicological evidence (12) is otherwise. It is therefore
considered that simple anoxic and stagnant anoxia are a more likely mechanism. On
balance, the evidence that free radicals may cause post inhalation effects is perhaps
better than the evidence for incapacitation. However, one thing is sure: the presence of
free radicals does not enhance the chance of survival for anyone who inhales smoke.

PHYSIOLOGICAL MECHANISMS

It is sometimes difficult to decide where physiology ends and pathology begins but it is
convenient to divide pathophysiological mechanisms into some which are mainly based on
physiology and others which are mainly based on pathology. The causes of syncope and the
types of anoxia are described in standard texts by Sampson Wright (36) and by Bell,
Davidson and Scarborough (1). The physiological mechanisms are discussed in relation to
the control of respiration and the circulation.

RESPIRATION

Resoiration is under central and voluntary control and is mainly regulated by
hypercapnia, that is a rise of carbon dioxide in the blood, which is a powerful
respiratory stimulant.

Reflex inhibition of respiration, with loss of the urge to breathe, may occur in
physiological and pathological conditions. Deglutition or swallowing inhibits
respiration and acts through the glossopharyngeal nerve. Coughing is similar and acts
through the superior laryngeal nerve. In coughing, the inhibition of inspiration is
followed by a forcible expiration. Repeated paroxysms of coughing may occur.

CIRCULATION

Control of the circulation is rather more complex but the principal factors are vasomotor
* tone and cardiac output which, of course, is dependent upon venous return to the heart.

Physiological adjustment of the vasomotor tone takes place with change of posture and
sudden change of posture may cause unconsciousness, as in postural hypotension. Vagal
stimulation, as in a vasovagal or simple fainting attack, may have a similar effect.
Some people may faint at the sight of blood or as a result of sudden severe pain in
response, for example, to the inhalation of hot irritant smoke.

A Valsalva manoeuvre is a well known physiological experiment in which the subject makes
a deep expiration followed by a deep inspiration and holds his breath while attempting to
exhale against a closed glottis. The manoeuvre is used normally during defaecation and
parturition. It causes rise of intrathoracic pressure, reduced venous return to the
heart and eventually, if prolonged, will cause reduced cardiac output and hypotension.

Rise of intrathoracic pressure also occurs during complete or partial airway obstruction.
This may be physiological, as in the playing of wind instruments, or it may be
pathological as in expiratory bronchospasm. Simple breath holding also causes increased
intrathoracic pressure and may be quite dangerous. Breath holding in infants in response
to pain or frustration, and sometimes associated with crying, may cause unconsciousness.

BOTH

Voluntary breath holding which is preceded by voluntary hyperventilation is particularly
dangerous. As pointed out by Craig (6), this has caused death in underwater swimmers who
develop anoxic anoxia before hypercapnia stimulates respiration. Stagnant anoxia, due to
breath holding, may be superimposed. The resulting cerebral anoxia makes circulatory
collapse more profound and death results.

The similarities and dangers of breath holding and of rebreathing air have been well
documented by Riley and Permutt (22) who gave evidence on behalf of the Air Transport
Association of America in opposing the NPRM (20). They pointed out that aircraft
passengers who hyperventilate due to excitement or hysteria and who subsequently
rebreathe air in a Schjeldahl hood may become unconscious and die. The same effect may
occur to passengers who hyperventilate and then hold their breath but, in addition,
stagnant anoxia may occur from a Valsalva effect. They may develop severe combined anoxia
before respiration is stimulated. Cerebral anoxia would increase the vasomotor collapse
and subsequent gasping may be too late to restore vasomotor control. Such subjects would
die rapidly from the combination of anoxic and stagnant anoxia.

The importance of the postulated mechanism is that it is consistent with the
toxicological studies. Cases with profound vasomotor collapse might show low levels of
toxic gases in some subjects. The attribution of such deaths to heat incapacitation may
therefore be less firmly established than some reports suggest. Alternatively, if the
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circulation is restored, continued inhalation of toxic gases could lead to death. Thus,
there may be high levels of carbon monoxide and cyanide in some fatalities and relatively
low levels in others. In a review of the inhalation of toxic products from house fires,
Birky and Clarke (2) reported variable levels and Birky, Malek and Paabo (3), in a study
of samples from victims of the MGM Grand Hotel fire, found that a relatively large
proportion had sub lethal levels of carbon monoxide. These apparently unexplained deaths
may be due to combined anoxia. Thus, the hypothesis relating to a combination of anoxic
and stagnant anoxia is consistent with data from house and hotel fires as well as
aircraft fires.

Cough syncope is well recognised (i) as a potent cause of collapse and unconsciousness.
It is particularly rapid in effect and particularly dangerous because it, too, exhibits
the combination of anoxic anoxia and stagnant anoxia. A paroxysm of coughing is like
performing a Valsalva manoeuvre with the lungs empty. If the stimulus is inhalation of
smoke the effect may be rapid incapacitation. The cycle of events may be repeated and,
as more toxic gases are inhaled, death will result.

PATHOLOGICAL MECHANISMS: ANOXIA

There are four types of anoxia: anoxic anoxia, anaemic anoxia, stagnant anoxia and
histotoxic anoxia.

ANOXIC ANOXIA

There are a very large number of causes of anoxic anoxia. Some of the causes are listed
and several mechanisms of causation are found in smoke.

1 LOW AMBIENT PRESSURE Low ambient atmospheric pressure can produce anoxic anoxia.
This effect is seen at altitude and occurs during decompression and in mountain sickness.

2 LOW PARTIAL PRESSURE Low partial pressure of oxygen, due to dilution, is a cause of
anoxic anoxia. The diluting gas may be carbon monoxide, carbon dioxide or methane among
others. The same mechanism operates when air is rebreathed in a closed circuit and
particularly in the presence of a carbon dioxide absorber. Eventually, the residual gas
is mainly nitrogen and the oxygen partial pressure is low.

3 TOTAL OR PARTIAL UPPER AIRWAY OBSTRUCTION Total or partial obstruction of the main
airway at mouth, pharynx, trachea or main bronchus level causes anoxic anoxia. This is
the mechanism which operates in drowning, asphyxia and suffocation. It is therefore due
to strangulation, throttling, occlusion of mouth and nose, mechanical blocking of airway
by food, inhalation of vomitus or by obstruction of the airway by the tongue when
unconscious. It is also the mechanism in laryngeal oedema and laryngeal spasm.

4 TOTAL OR PARTIAL LOWER AIRWAY OBSTRUCTION Anoxic anoxia is caused by obstruction of
the lower airway at bronchiolar level. The main cause of partial obstruction is
bronchospasm.

5 CARDIAC SHUNTS Cardiac shunts cause anoxic anoxia. They may be partial or complete
and may be physiological, as in the foetal circulation, or pathological, as in atrial or
ventricular septal defects.

6 LUNG SHUNTS .ung shunts occur when there are inequalities of ventilation and
perfusion in the lungs. This causes anoxic anoxia because some oxygenated blood is mixed
with other non oxygenated blood which has passed through a region of lung which has not
been ventilated. Ventilation perfusion inequalities occur in shallow breathing, in
alveolar collapse and in consolidation.

7 INTERFERENCE WITH GAS EXCHANGE Interference with gas exchanqe at the interface
between alveoli aAd capillaries causes anoxic anoxia. This may be associated with loss
of surfactant and loss of elasticity. Also, it may be due to excessive bronchial
secretion or to pulmonary oedema. These phemomena may, in turn, be caused by cellular
poisons, including halogen acids and other acid gases, and by free radicals or free ions.

8 CENTRAL RESPIRATORY EFFECTS Various agents, acting centrally on the respiratory
centre, may cause anoxic anoxia. The importance of hypocapnia and the lack of central
stimulation has been noted. Complete reflex respiratory arrest may occur, although the
nechanism is not always understood. Some forms of central respiratory depression may be
due to drugs, poisons or to anoxia itself.

9 RESPIRATORY MUSCLE PARALYSIS Respiratory muscle paralysis may cause anoxic anoxia
and may be due to disease, including poliomyelitis or transection of the spinal cord, and
to poisons such as botulinum toxin or nerve gas. The relevance of nerve gas to aircraft
accidents may not be immediately obvious but who knows what toxic compounds may be
produced by burning or pyrolysis of the new composites which are used in aircraft
manufacture.

ANAEMIC ANOXIA

Anaemic anoxia is caused by interference with the oxygen transport mechanism in blood,
due to lack of haemoglobin or to lack of available haemoglobin. Simple anaemia is
therefore a cause of anaemic anoxia. Haemoglobin may be inactivated by drugs such as
chlorates and nitrates which form methaemoglobin and by poisons such as hydrogen sulphide
or carbon monoxide which form sulphaemoglobin and carboxyhaemoglobin.

______ __ ___ ____7
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STAGNANT ANOXIA

In stagnant anoxia there is slowing of the circulation and an inability to bring oxygen
to the tissues sufficiently rapidly and in sufficient quantity. Stagnant anoxia also has
a considerable number of causes:

1 VASOMITOR REFLEXES Simple vasomotur reflexes, vasovagal hypotension and postural
hypotension, may cause loss of consciousness with transient cerebral ischaemia and
hypoxia.

2 OLIGAEMIC SHOCK In oligaemic shock the amount of intravascular fluid is decreased.
Causes of this include blood loss, internal or external, and plasma or water loss. The
loss of plasma which occurs in burns and scalds is a cause of oligaemic shock which is
particularly relevant to aircraft accidents.

3 NORMOVOLAEMIC SHOCK In normovolaemic shock there is a normal amount of fluid in an
expanded or abnormally increased vascular space. The result is the same as in oligaemic
shock in both of which blood pressure and cardiac output are low. Normovolaemic shock is
caused by heat stroke, by vasodilatation and by sepsis, among other causes.

4 CENTRAL VASOMOTOR EFFECTS Stagnant anoxia may result from agents acting centrally
on the vasomotor centre. Central depression-may be caused by drugs, poisons and by
anoxia itself. As already noted, breath holding may lead to loss of vasomotor tone and
hypotension. These may progress to complete circulatory arrest.

5 CARDIAC EFFECTS Stagnant anoxia may result from cardiac causes associated with
reduced venous return or reduced cardiac output and, as has been noted, this is the
mechanism in the Valsalva manoeuvre and in cough syncope. Stagnant anoxia also results
from pump failure and from cardiac arrest, however caused, and from circulatory arrest.

HISTOTOXIC ANOXIA

Histotoxic anoxia is caused by interference with the oxygen transport mechanism in cells.
Hydrogen cyanide, which poisons the cytochrome oxidase system, acts in this way. There
is some evidence that carbon monoxide also has an intracellular action. It would appear
to cause histotoxic as well as anaemic anoxia.

SCISAFE QUESTIONNAIRE

Survivors Campaign to Improve Safety in Airline Flight Equipment or Scisafe was formed
after the Manchester Aircraft Accident by some of the survivors and bereaved relatives to
promote aircraft safety. A memorial plaque to the victims of the accident was dedicated
on 15.1.89 at Manchester Airport and a meeting of the organisation was held before the
dedication service. At the meeting, 19 survivors agreed to complete a questionnaire. Of
the 19 who completed the questionnaire, 12 were exposed to thick black smoke and to thin
grey smoke, two were exposed to thin grey smoke alone and five were not exposed to any
smoke. The answers of the 12 survivors who were exposed to thick black smoke are
examined here. A copy of the Scisafe questionnaire is presented in the Appendix and the
number answering "yes" is given in respect of the twelve who were exposed to thick black
smoke. It will be seen that the most important question, concerning coughing, was asked
three times and, as noted subsequently, a control question was included.

Information was also available from the Manchester Inquest transcript (12) and from the
clinical paper (21) which reported that 15 survivors were admitted to hospital where one
died. Another died three years after the accident. The fact that the questionnaire
achieved responses from seven subjects who were admitted to hospital suggests that a
higher proportion of those who were most severely affected had attended the service. The
purpose of the questionnaire was not made known to the survivors before they agreed to
take part and it is therefore free from bias in this respect.

THICK BLACK SMOKE

All 12 subjects who were exposed to thick black smoke inhaled some of it. Five inhaled
one breath, two inhaled two breaths and five inhaled three or more breaths of smoke.
Three subjects collapsed and one of these became unconscious immediately before getting
out of the aircraft; all three subjects remembered which exit they used to get out of the
aircraft. Seven subjects were admitted to hospital and four of these were admitted to
the Intenbive Care Unit. Only one of the 12 subjects sustained burns.

BURNS

The evidence in relation to burns is important. One subject sustained several small skin
burns. The largest was circular in shape and 5 cm in diameter. There were three smaller
burns, one of 2 cm diameter and two which were each about I cm diameter. The subject
does not remember being burned. The burns were not large enough to cause shock and to
contribute to the collapse.

If smoke and burns were equal in importance as a cause of incapacitation then it would be
expected that the number of survivors with smoke inhalation and no burns would be equal
to the number of survivors with burns and no smoke inhalation. Subjects with both or
neither would be excluded from consideration. In fact, there were 11 subjects with smoke
inhalation alone and none with burns alone. This clearly indicates that. of passengers
who were capable of surviving, burns were not the main cause of incapacitation in this
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accident. This survivor evidence is entirely consistent with the autopsy and
toxicological evidence presented at the Inquest.

ESCAPE STRATEGIES, HEARING AND RECALL

Several strategies were used by the subjects to assist escape: six kept their heads low;
seven adopted shallow breathing; ten felt their way out and, after being exposed to thick
black smoke, ten held their breath for as long as they were able.

When they were inside the aircraft four of the subjects heard wheezing and five heard
coughing. Four of these five also heard paroxysms of coughing. Nine heard screaming and
shouting.

The subject who became unconscious remembers exactly how many breaths of smoke she
inhaled, it was five, for she counted every single one of them. She remembers standing
at the over wing exit, and therefore answered "yes" to question 20, but did not remember
getting out. Once they had been enveloped in the thick black smoke, and had inhaled some
of it, all 12 subjects were quite determined that they would not take another breath and
all but two were able to hold their breath, at least for some time.

SYMPTOMATIC ENQUIRY

One subject could not remember whether or not he was affected by coughing or by paroxysm
of coughing. All other questions to this subject and all questions for the other 11
subjects were answered fully. The individual responses to the symptomatic enquiry of the
questionnaire are given in Table 1.

TABLE 1: SYMPTOMATIC ENQUIRY IN TWELVE SUBJECTS

: 1 2 : 3 4 : 5 6 7 8 9 : 10 : 11 : 12 : Totals

Searing chest pain : : : +: : +: + : : +: +: 5

Severe arm pain : : +: 1

Severe headache +: + : : : +: +: 5

Chest constriction : : +: +: +: +: + ++ : +: 9
Wheeing: : +: : 4: 4: 4: 5Wheezing : : : :+ : :+ :+ :+ : : :+ : : 5

Coughing + : . : + : : : . : .. : 2

Paroxysmal coughing: : : 0 . . . : : . . .. : 0
:iznes: : 4: : : : 4: 4- : +: 4: +: 7

Dizzness : : 4-: : +: ++: 4: + +: +-: 7

Choking + + + : : +: : : 9

Suffocation : : : : : + : + : + + + + : + 9

Acridsmell : : : : + +: +: : -: : : 12

Lung irritation : : : : + + : + : : : + : + : 5

Burning: : : : : : : : : : : 8

Eye irritation : : : + : + + : + : ++ : + : + : 10

Streaming: : : : : : : : : : : : 8

Fightingforbreath: : : : : : +: : -: : : 10

Notanotherbrath: : 4: : : +: +: + : +: +: +: +: 12

Rapidbreathing : : : : : : : : : : : 9

Gasping forbreath: : : 4: : 4-: + : +: +: +: + +: +: 11

Total symptoms 2 8 10 13 13 13 17 13 11 11 18 16

TABLE 1 This shows the individual responses of the twelve subjects who were exposed to
thick black smoke. The answers are in respect of the symptomatic enquiry of question
twelve of the questionnaire. The total number of symptoms is shown for each subject and
the total number of subjects is shown with each symptom.

The symptomatic enquiry revealed that one subject experienced arm pain, two reported
coughing and none of those had paroxysmal coughing. The following symptoms and number of
subjects affected were reported: headache, chest pain, wheezing and lung irritation, 5
each; dizziness, 7; faintness, burning throat and streaming eyes, 8 each; tightness of
the chest, rapid breathing, feeling of choing and suffocation, 9 each; feeling of

: : : : : : : : :
Gasping______ o___ breath___:____ +__:____:__+ :__+____+_:_+__:_+_:__+___+__+_:_+______
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fighting for breath and eye irritation, 10 each; gasping for breath, 11; the acrid smell
of smoke and the determination to take no more breaths of smoke, if at all possible, was
reported by ell 12 subi-ts. All these symptoms were caused by thin grey smoke. Several
subjects repc,%ed that t Re smne symptoms were present but much worse on exposure to thick
black smoke. One subject stated "extremely difficult to put into words the pain that
inhaling the smoke has ... "

EVIDENCE OF ANOXIA

There is substantial evidence which is consistent with anoxic anoxia, with stagnant
anoxia and with a combination of these, including cough syncope. The replies from the
twelve subjects, relevant to anoxia, are given in Table 2.

TABLE 2: EVIDENCE OF COMBINED ANOXIA IN TWELVE SUBJECTS

1 : 2 : 3 : 4 5 : 6 7 : 8 : 9 : 10 : 11 : 12 :Totals

Bronchospasm : + : +: + : +: +: + : : + : + : +: 9

Shallow breathing : +: +: +: : +: +: +: 6

Coughing : : : +: +: : : : 2

Faintness : : +: +: : : +: +: +: : +: +: +: 8

Breath holding : +: +: +: +: : +: +: +: +: +: +: : 10

Combined anoxia : : : +: +: +: +: +: +: : +: +: +: 9

Number of breaths 1 1 1 2 3+ 1 3+ 3+ 1 2 3+ 3+

Admission to hospital + + + + + + + 7

Admission to ICU + + + + 4

TABLE 2 This shows for the twelve subjects who were exposed to thick black smoke some
features, bronchospasm and shallow breathing, suggestive of anoxic anoxia and other
features, coughing, faintness and breath holding, suggestive of stagnant anoxia. Also
shown are the subjects who exhibited possible features both af anoxic and stagnant
anoxia, the number of breaths of smoke, admissions to hospital and to intensive care
unit. The subjects have been arranged, approximately, in order of increasing severity of
smoke inhalation. The total number of subjects exhibiting each feature is also shown.

ANOXIC ANOXIA Shallow breathing, present in seven subjects, is a cause of lung shunting
which, in turn, causes anoxic anoxia. Chest pain and wheezing, each present in five
subjects, is suggestive of bronchospasm, but tightness of the chest, present in nine
subjects, is typical. If anyone suffered from laryngeal spasm they would not be expected
to survive to report it. Additional symptoms of choking, suffocation, rapid breathing
and gasping are all consistent with anoxia or with hypercapnia.

STAGNANT ANOXIA Dizziness, which was present in seven subjects and faintness, present
in eight, is consistent with a vasovagal mechanism or simple fainting. Breath holding,
present in ten subjects, causes a rise of intrathoracic pressure and may lead to a drop
in cardiac output. Both these mechanisms cause stagnant anoxia.

ANOXIC AND STAGNANT ANOXIA IN COMBINATION The frequency of the symptoms consistent
with anoxic anoxia and stagnant anoxia suggests that both may occur together and may
cause rapid collapse in some subjects. Thus, symptoms of bronchospasm and reports of
shallow breathina are common. So, too, are breath holding, dizziness and faintness.

The most potent combination and most rapid in effect is, of course, cough syncope and
there is some evidence for this. Only two of the subjects experienced coughing and
neither of these experienced paroxysms of coughing. However, the 12 survivors reported
hearing coughing in the aircraft and four subjects reported hearing paroxysms of
coughing. It would appear that the subjects who suffered paroxysms of coughing may have
developed cough syncope and may not have survived to report their symptoms. However, it
should be emphasised that not all survivors of the accident were questioned.

OTHER INFORMATION

The questionnaire provided other information of interest. The survivors, who behaved
*with remarkable self control and presence of mind, used severa useful strategies to
*minimise the effect of smoke. The fact that ten had to feel their way out is independent

evidence that they were indeed enveloped in thick black smoke. There was one control
question, about the presence of severe pain in both arms, to validate the method. No one
was expected to experience this symptom. Only one claimed to do so. Perhaps he did. In
general there was some correlation between the number of symptoms and the severity of
inhalation as measured by the number of breaths, the presence of collapse and the
necessity for admission to hospital and to the Intensive Care Unit. There was also goodagreement between the questionnaire and some available earlier statements (12).

Comments made by the survivors, including two who were exposed to thin grey smoke alone,
make it quite clear that the thin grey smoke had an acrid smell and caused burning in the

_ _ 7
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throat, eye irritation and produced copious tears. It also caused some wheezing with
rapid breathing and some gasping for breath. These symptoms are consistent with the
effect of halogen acids, of carbon dioxide and of anoxia. The effect of the thick black
smoke was quite different and much more intense. It made the survivors determined to hold
their breath for as long as possible.

Three very similar comments, related to what the survivors heard, are of particular
interest. One stated "I could not hear anything at all but did not know why". Another
said "I cannot recall hearing anything at all: it was as if the sense had been switched
off". The third said "the cabin had become silent as if I had become deaf". The cabin
may have become silent because the people remaining were unconscious or dying. It is
also possible that the smoke particles acted like an acoustic blanket and absorbed the
sound. If this is correct then sounds could be heard only from those who were very near.
Some paroxysms of coughing were heard but others more distant perhaps died unheard. This
interpretation is supported by the fact that nine subjects heard shouting and screaming
before they became enveloped in the thick black smoke.

HYPOTHESIS

It is recognised that there are limitations to a retrospective questionnaire,
particularly one conducted three and a half years after the event, but many of the
memories appear starkly vivid, as if they could never be forgotten. Also, statements
about seat number, and exits used, correlate well with information (12) collected at the
time.

The hypothesis under test is that kerosene smoke alone can cause rapid incapacitation of
aircraft passengers before burning seats could contribute to collapse. The surprising
thing is perhaps the abundance of support which is provided for the hypothesis when
relevant questions are asked. The problem is not to find a possible mechanism to explain
early collapse in kerosene smoke but rather to select the most probable from the many for
which there is evidence. It seems very obvious that kerosene smoke alone may indeed
cause incapacitation.

DISCUSSION

It has been known for some years that smoke is a hazard in aircraft fires (20, 26). In
survivable accidents the cause of death is smoke inhalation and fatal levels of carbon
monoxide and of cyanide are found at autopsy (17, 18, 12). Escape strategy is presently
based on getting passengers out as quickly as possible. This is sound as far as it goes
but it does not go far enough. Fire blocking and fire hardening are designed to delay
the time to flashover and therefore to allow passengers more time to escape. However,
escape may not be possible in the available time because of toxic smoke, and fire blocked
and fire hardened materials give out more toxic smoke (27, 18). There are serious
reservations (30, 34, 14) about the relevance of existing fire tests (10, 25), and
existing fire models (4, 23) are not valid because of incomplete assumptions and because
they address the wrong questions. It therefore follows that some forms of protection,
smoke hoods, water spray systems or both, may be required to make it possible for some
passengers to escape.

The old knowledge about kerosene smoke (20) and bronchospasm (26) is supported by the
present evidence which suggests that anoxic anoxia is common. The present study also
provides evidence that stagnant anoxia is present and that the combination may be
frequent. It is concluded that kerosene smoke, or any other smoke for that matter, may
cause incapacitation. The consequences of this conclusion for the present policies of
the regulatory authorities, in relation to fire blocking and fire hardening, are
substantial. Such improvements, although useful in preventing cabin fires from dropped
cigarettes, may have little or no benefit whatsoever in aircraft fires which cause
fatalities. Clearly, much more weight should be given to smoke hoods and water spray
systems if passengers are to be protected and lives are to be saved in major aircraft
cabin fires.

The author, who is an inventor of a smoke hood (31), declares an interest in respiratory
protection and admits to a bias in favour of hoods becaus2 they protect against smoke,
which is the common factor, and would be capable of doing so even when there is major
structural damage of the aircraft cabin as recently occurred at Dallas and Kegworth.
Also, it is known from the Inquest (12) that the Air Accidents investigation Branch of
the Department of Transport favouLs the introduction of smoke hoods for passenger
protection. The message is simple: where there is fire there is smoke! The regulatory
authorities must reconsider their present policies and should mandate smoke protection,
as an urgent priority, to prevent further loss of life.

CONCLUSION

There is evidence that fire blocking and other strategies relied upon by the regulatory
authorities to protect aircraft passengers from smoke may have little or no effect
because kerosene smoke alone may incapacitate passengers. Existing fire models are
inadequate, to the point of being misleading, and existing strategies of the regulatory
authorities appear to be quite ineffective in accidents which result in fatalities. The
physiological, pathological and toxicological evidence can no longer be ignored.
Measures to save lives, by piotecting passengers from smoke, should be introduced as an
urgent priority.
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APPEN)IX: SCISAFE QUESTIONNAIRE

This questionnaire is for purposes of medical research and is restricted to survivors
from the accident to Juliet Lima at Manchester on 22nd August 1985. Please answer all
questions and tick the space below the appropriate YES/NO answer.

1 Did you suffer burns to your skin in the accident? If YES please state which part of
the body was affected and how long the burns took to heal. YES/NO (YES = 1)

2 Were you exposed to some smoke on board the aircraft? (If NO go to question 21)
YES/NO (YES = 12)

3 Were you exposed to thick black smoke (not just thin grey smoke) on board the aircraft?
(If NO go to question 13) YES/NO (YES = 12)

4 Did you breathe in some thick black smoke? (If NO go to question 13) YES/NO (YES = 12)

5 Did you breathe in only one breath of smoke and not more? (If YES go to question 8)
YES/NO (YES - 5)

6 Did you breathe in only two breaths of smoke and not more? (If Yes go to question 8)
YES/NO (YES = 2)

7 Did you breathe in more than two breaths of smoke? YES/NO (YES = 5)

8 Did you collapse in the aircraft without becoming uncolkscious? YES/NO (YES = 2)

9 Did you become unconscious either in the aircraft or 3ust outside while escaping?
YES/NO (YES = 1)

10 Do you remember getting Out of the aircraft? YES/NO (YES = 12)

11 Did breathing in thick black smoke make you cough while still in the smoke?
YES/NO (YES 2)
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12 Did breathing in smokL cause you to feel any of the following during the time when
you were actually in the smoke? Please answer each part:

(a) Intense searing chest pain YES/NO (YES = 5)
(b) Severe pain in both arms YES/NO (YES = 1)
(c) Severe headache YES/NO (YES = 5)
(d) Tight feeling of constriction inside or around the chest YES/NO (YES = 9)
(e) Wheezing YES/NO (YES = 5)
(f) Cdughing YES/NO (YES = 2)
(g) Repeated paroxysms of coughing YES/NO (YES = 0)
(h) Dizziness or giddiness YES/NO (YES = 7)
Ci) Faintness or lightheadedness YES/NO (YES = 8)
(j) Choking YES/NO (YES = 9)
k) Suffocation YES/NO (YES = 9)
(1) Acrid smell YES/NO (YES = 12)
(m) Lung irritation YES/NO (YES = 5)
(n) Burning throat YES/NO (YES = 8)
(o) Eye irritation YES/NO (YES = 10)
(p) Streaming eyes YES/NO (YES = 8)
(q) Feeling of fighting for breath YES/NO (YES = 10)
(r) Feeling of determination not to take another breath of smoke YES/NO (YES = 12)
(s) Feeling of rapid breathing YES/NO (YES = 9)
(t) Feeling of gasping for breath YES/NO (YES = 11)
(u) Other: please state

13 Did you use any of the following to assist your escape? Please answer each part:

(a) Breathe through handkerchief or clothing YES/NO (YES = 0)
(b) Try to take shallow breaths YES/NO (YES = 7)
(c) Keep your head low YES/NO (YES = 6)
(d) Crawl on the floor YES/NO (YES = 0)
(e) Feel your way out YES/NO (YES = 10)
(f) Hold your breath as long as possible YES/NO (YES = 10)

14 Do you remember coughing when you were inside the aircraft? YES/NO (YES = 2)

15 Did you hear any of the following noises during escape and when you were inside the
aircraft?

(a) Coughing YES/NO (YES = 5)
(b) Repeated paroxysms of coughing YES/NO (YES = 4)
(c) Wheezing YES/NO (YES = 4)
(d) Screaming YES/NO (YES = 9)
(e) Shouting YES/NO (YES = 9)
(f) Other: please state

16 Were you admitted to hospital and detained overnight on 22.8.85? YES/NO (YES = 7)

17 Did your treatment iq hospital include admission to the intensive care unit?
YES/NO (YES = 4)

18 Did your treatment in hospital include artificial or assisted mechanical ventilation?
YES/NO (YES = 3)

19 Do you remember which seat you occupied? If so please give your seat number here
.............. YES/NO (YES = 12)

20 Do you remember which exit you escaped through? YES/NO (YES = 12)
If so please tick: Front Port (left) exit

Front starboard (right) exit
Starboard over wing exit

21 Please print your name below. Your name will not be used in any publication but is
required for cross checking against other available data

.... ..... .... . .. ........... .. ..... ...... ... ....... ....

If there is anything you would like to add about your feelings when in the smoke, please
do so overleaf. Additional comments about the accident would be welcome.

Thank you for taking part. Please hand this form to the Scisafe Organiser. You will then
be given further information about the purpose of the questionnaire.

J S S Stewart, FRCS, Royal Albert Edward Infirmary, Wigan.

-7
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DISCUSSION

Mr. KELLY
You have been very unfair to regulatory authorities. Hard

evidence is not available and specialists disagree. Regulatory
authorities must look over whole field and get best return for
cost. There are many other areas where lives can be saved.

AUTHOR'S REPLY:
It is not accepted that one has been unfair to the

regulatory authorities. Fire blocking and fire hardening are
desirable but the regulatory authorities have relied too heavy
upon these stategies, even though they offer little or no
protection in some types of accident. It is not agreed that
there is a lack of hard evidence: in respect of pathological
and toxicological data the evidence is good but it has apparently
been ignored repeatedly.
The case for mandatory smoke-hoods is simple: where there is
fire there is smoke; where there are hoods there is protection;
where there is protection there is order and where there is
order there is survival.

K. W. SMITH
The number of subjects (survivors of the Manchester

accident) is only a small sample on which to base your
conclusions. Is there any way, other than another similar
accident, of increasing the evidence by laboratory testing?

AUTHOR'S REPLY:
The numbers are small but the amount of expertise which

goes into the analysis is substantial. It is known that the
Atlantic City model is reproducible but this conference has
shown that account must been taken, firstly, of the aerodynamic
effects of wind blowing past the cabin fuselage and , secondly,
of the mechanism of the post crash fire: it is an explosion
followed by a fuel pool fire.
The experimental data and the pathological and toxicomogical
evidence may be reconciled by the use of anaesthetised
experimental animals, preferably primates.

G. Wipterfeld
I would like to make a comment on your statement that

kerose!,e fuel does not contain CN-compounds. It is well known
from :eaction kinetics that HCN and CN are formed as an
intermediate species during hydrocarbon combustion, particularly
under fuel-rich conditions. Therefore, in all full scale tests,
HCN concentrations are measured during the tests. The medical
people have to decide what additional toxic effects the measured
values mean.

AUTHOR'S REPLY:
Yes, it is agreed that the statement, that keros'ne smoke

contains no cyanide, may require modification. Kerosene contains
no nitrogen and therefore cyanide cannot be obtained from it.
However, reference was made to the presence of free radicals
in fire and temperatures are high in burning kerosez,e. The amount
of cyanide, if any, wes thought to be small but it is agreed
that it could be formed from molecular nitrogen in the
atmosphere.

S.J. WATT
The results of the SCISAFE questionnaire showed that nine

of 12 reported rapid breathing and 11 of 12 reported gasping
for breath, yet only five of 12 reported taking more than two
breaths of black smoke. If all this information related to black
smoke exposure the results are incompatible. If rapid breathing
and gasping occured before black smoke exposure this suggests
victims were hypoxic and in panic and thus their recall of events
must be dubious value.

AUTHOR'S REPLY:
The same symptoms were caused by the thin grey smoke and

in the main paper the early effects were attributed, most
probably, to halogen acids and other irritants, to carbon dioxide
and to anoxia. The survivors were agreed that the effects of
the thick black smoke were similar to, but much worse than those
of grey smoke. If the questionnaire were to be used again the
same questions would be asked separately of the two types of
smoke and in addition about conditions before and after exposure
to smoke.
Of course, it could be said that, if the early symptons were
those of anoxia, this would really strengthen the hypothesis,

not weaken it.
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MODELLING TIME TO INCAPACITATION AND DEATH FROM TOXIC AND PHYSICAL
HAZARDS IN AIRCRAFT FIRES

by
DAVID A.. PURSER

Huntingdon Research Centre Ltd.,
Huntingdon, Cambridgeshire PE18 6ES, England.

SUMMARY

Studies of incapacitation and lethality in laboratory animals and human fire victims,
resulting from exposure to thermal decomposition products from many materials, indicate
two main mechanisms of toxicity, narcosis (asphyxia) and irritancyl Narcotic effects are
caused by the common asphyxiant gases, CO, HCN, low 0 , and CO and can be predicted to a
reasonable degree with existing knowledge. Irritant gffects aie caused by a variety of
combustion products some of which are unknown, but can be quantified from small scale
rodent combustion toxicity tests in terms of the mass loss concentration of combustion
products using the RD 0 - an index of respiratory tract irritation, and LC an index of
lethality, in mg.min/1itre. A mathematical model is presented for estimatis toxic and
physical hazard in fire. in terms of time to incapacitation or death. The model takes the
concentration/time profiles of the above products, smoke optical density, temperature and
radiant heat flux (derived from other mathematical models of aircraft fires or large
scale fire tests) and calculates time to incapacitation using a Fractional Effective Dose
method based upon the known toxic effects of the combustion products, and of the physical
hazards, in man, primates and rodents.

INTRODUCTION

Research conducted on many materials over the last decade has shown that the toxic
effects of combustion products are relatively simple, and that the major effects are
caused by a small number of well known toxic products (1,2,3,4). It has also been shown
that the toxic potencies of the combustion products from the majority of materials are
relatively similar (5,6,7), and although there may be a continued need for small scale
material based toxicity tests to screen for unusual toxic effects, and to measure
irritant effects (which cannot yet be predicted by a knowledge of the chemical
composition of combustion products), the prediction of the major toxic effects can be
based on existing data for a small number of known toxic products. Toxic hazard in fires
depends upon two major factors; the fire growth curve in terms of the dose of combustion
products delivered to a victim over a period of time during the fire, and the toxic
potency of the products (the dose needed to cause toxic effects). Toxic hazard therefore
becomes predictable if two sets of information are available:

1. The time/concentration profiles of the important toxic fire products and physical
hazards (carbon monoxide, hydrogen cyanide, carbon dioxide, orygen vitiation, mass
loss concentration of total fire products (for irritancy assessment], smoke optical
density, radiant heat flux and air temperature).

2. The time/concentration/toxicity relationships of these products in man when they
occur individually and in combination.

A mathematical model for predicting time to incapacitation or death for human fire
victims has been developed based upon the above criteria. The model, summarized here,
has been published in the SFPE Handbook of Fire Protection Engineering (8).

TOXIC AND PHYSICAL HAZARDS IN FIRES

Combustion products cause incapacitation and death in fires by two main toxic
mechanisms - narcosis and irritancy (2).

Narcotic gases (CO, HCN, CO , low oxygen) affect the nervous and cardiovascular systems
causing loss of consciousnes followed ultimately by death from asphyxiation.

Irritant fire products have two principal effects:
1. They cause immediate painful sensory stimulation of the eyes, nose throat and lungs;
2. They cause lung inflammation and oedema which may lead to death due to impairment of

respiration, usually a few hours after exposure.

Visual obscuration by smoke reduces escape efficiency or renders 3 victim unwilling to
enter a smoke-filled escape route, while heat initially hinders or prevents escape due to
skin pain and burns or hyperthermia, and may cause death either during or after exposure.

All materials evolve both narcotic and irritant products when they burn, but the
yields and potencies of the products vary somewhat under different decomposition
conditions and with different materials (31. In practice the potencies of the combustion
products from most materials measured in terms of the LC 0 (the concentrations causing
death of half the animals exposed for a 30 minute-period have been found in small scale J
toxicity tests to lie in a relatively narrow range of approximately one order of
magnitude (approximately 5-60 mg mass loss/litre)(5,6,7). I
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CONCENTRATION/TIME/DOSE RELATIONSHIPS - HABER' S RULE

For sensory irritation and visual obscuration by smoke, the effects occur
immediately on exposure and the hazard depends upon the concentration. This also applies
to some extent to radiant heat, where incapacitation due to skin pain and burns occurs
very rapidly at intensities above 0.25 w/cm . Therefore for these parameters, tenability
limits have been set above which it is considered that serious incapacitation is likely.
For all other toxic effects except sensory irritation and for convected heat, effects are
related to the dose received rather than the exposure concentration. This can be
quantified approximately as the product of concentration (c) and exposure time (t), and
in general concentration and time are equivalent so that:

c x t = k (Haber's rule [91) (Eq. 1)

where k is a constant dose required for any given toxic effect. In the case of the LC50
for a given exposure time the effect is death of 50% of the animals, and this may be
expressed in dose terms as the LCt in mg.min/l. The time during a fire when a victim
will have received an incapacitatiR or lethal ct dose of products can be calculated by
integrating the area under the concentration/time curve for the toxic product in the fire
until the integral is equal to the known incapacitating or lethal dose. In practice the
ct product doses for small periods of time during the fire are divided by the ct product
dose causing a toxic effect (such as lethality), and these Fractional Effective Doses
(10) are then summed during the exposure until the fraction reaches unity, when the toxic
effect is predicted to occur. Thus (Eq. 2):

Fractional effective = dose recived at time t (ct)
dose

effective ct dose to cause incapacitation or death

SIMPLE MASS LOSS BASED FRACTIONAL EFFECTIVE DOSE HAZARD ASSESSMENTS

One way of performing a simple hazard analysis is therefore to consider what
exposure in terms of mass loss concentration of products in a fire is likely to be lethal
to a victim. For such a calculation use could be made of mass loss lethality data from
small scale rodent toxicity tests on the material or materials involved in the fire.
Alternatively, an even simpler estimation could be based on an average figure for the
toxicity of all combustion products. Since the toxic potencies cf combustion products
from most materials fall into a relatively narrow range of approximately one order of
magnitude (5,6,7) it is possible to use a single figure for toxic potency for use in
simple hazard models. The range of LC ,s for the references quoted was 5 - 60 mg/l mass
loss for a 30-minute exposure, which igoequivalent to a dose range of 150 - 1800
mg.min/liter, with an average LC value of approximately 25 mg/liter. Allowing for a
margin of safety and for the posg9 bility (derived from primate data (111) that man may be
more sensitive than rodents to lung damage from fire products, it is recommended that a
figure of 300 mg.min/liter should be used as a probable lethal dose of combustion
products in man for preliminary modelling purposes. The simplest form of hazard model
wculd then be to take the ct product dose for lethality of 300 mg.min/l as the
denominator in equation 2, and the ct product during each short interval of the fire as
the numerator, and sum these until a lethal dose is achieved. A slightly more
sophisticated form would be to use ct product lethality data derived from small scale
tests for the actual materials involved in the fire under the decomposition conditions
occurring during the fire.

For substances obeying Haber's rule the denominator of the equation is a constant
for any particular toxic effect, and for simple hazard estimates based on rodent
lethality data it is appropriate to assume that deviations from this ideal behaviour will
not result in great inaccuracies in hazard assessment. However for most fire gases the
dose relationships deviate significantly from ideal behaviour, in that for high
concentrations a lower dose is required to cause incapacitation than for low
concentrations. This effect is illustrated in Figure 1 where the relationship between
exposure concentration and time to incapacitation is shown for HCN (which deviates from
Haber's rule) and for CO (which obeys Haber's rule for exposure times of up to I
hour)(8). For gases such as HCN the denominator of the equation is presented in the form
of equations giving the required ct product doses predicted for man, which are presented
in the following sections.

TOXIC AND PHYSICAL HAZARD ASSESSMENT MODEL BASED ON FRACTIONAL INCAPACITATING DOSES OF
KNOWN TOXIC PRODUCTS AND PHYSICAL HAZARDS

NARCOSIS

In order to determine when a victim is likely to become incapacitated by loss of
consciousness due to the effects of narcotic (asphyxiant) gases, it is neccessary to
calculate the fractional incapacitating doses of each narcotic gas (CO, HCN, hypoxia,
CO ) individually, and the interactions between them, for each successive minute of the
fiee. The principle of Fractional Effective Dose can be applied to all the gases causing
narcosis and has been validated in rodent experiments for combinations of CO and HCN
(12). The Fractional Incapacitating Dose equations derived for man for each of these
gases (CO, HCN, CO2 and oxygen vitiation) (8) are presented in the following sections.

_____ _ _v
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CARBON MONOXIDE

The most important toxic tire proauct is uu. Toxicity trom carbon monoxide depends
upon the dose accumulated in the blood as carboxyhaemoglobin (COHb). This reduces the
amount of oxygen carried in the blood and also impairs the delivery of oxygen to the
tissues, causing tissue hypoxia. Experiments in primates (13) and man (14) have shown
that the dose of COHb at which incapacitation occurs depends upon the activity of the
subject. For a person at rest loss of consciousness is likely at approximately 40% COHb,
while light work was found to cause unconsciousness in primates at 30% COlib, and it is
suggested that 20% COHb might be hazardous under conditions of heavy work. The rate of
uptake of CO and thus the time taken to achieve an incapacitating dose also depend upon
the activity of the subject, and the combined effects of these two factors on time to
achieve a COHb concentration causing incapacitation (unconsciousness) for a 70 kg man
engaged in three levels of activity is shown in Figure 2. The carboxyhaemoglobin

FIGURE 2

TIME TO INCAPACITATION BY CARBON MONOXIDE FOR A 70 kg MAN
AT DIFFERENT LEVELS OF ACTIVITY
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concentration resulting from any given exposure to CO (for periods of up to I hour), can
be calculated approximately using the Stewart equation (15).

%COHb = (3.317 x 10-5 )(ppm CO1 .0 36 )(RMV)(t) (Eq.3) I

.7 2 U; -!
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where: CO = CO concentration (ppm)
RMV = volume of air breathed (1/min)
t = exposure time (min)

Using this equation it is now possible to derive an expression for the Fractional
Incapacitating Dose of CO for a 70 kg man engaged in light activity over periods of up to
one hour. The numerator of the equation is the dose in the form of COHb acquired each
minute for a given CO concentration, and the denominator is the dose causing
incapacitation (13). When the summed fractional doses during an exposure reach unity,
loss of consciousness is predicted.

K(CO1 .036 (t) (Eq. 4)FIc D

where: FIco = fraction of incapacitating dose
t = exposure time (min)(= 1 in this case)
K = 0.00082925 for 25 I/min RMV (light activity)
D = COHb concentration at incapacitation (30% for light activity)

For a 70 kg man engaged in light work a RMV of approximately 25 1/min can'be
expected with loss of consciousness at around 30% COHb. Therefore this equation predicts
incapacitation after approximately 5.3 minutes at a concentration of 5000 ppm CO. For a
subject at rest the RMV will be approximately 8.5 I/min and incapacitation is likely at
approximately 40% COHb. Thus at 5000 ppm time to incapacitation will be approximately 21
minutes.

For smaller adults and especially for children, or for CO concentrations below
approximately 2000 ppm and exposure durations above 1 hour, or also for estimating time
to death (at approximately 50% COHb) the rate of uptake departs significantly from the
Stewart equation and predictions should be based on the CFK equation (16). For small
children time to incapacitation and death may be half that for adults.

HYDROGEN CYANIDE

Time to incapacitation by hydrogen cyanide depends partly on rate of uptake and
partly on dose (Figure 1) (17). Below a threshold of approximately 80 ppm HCN only minor
effects should occur over periods of up to 1 hour. From 80-180 ppm time to
incapacitation (loss of consciousness) will be between 2 and 30 minutes according
approximately to the relationship:

Time to incapacitation (t icn ) (min) = (185 - ppm HCN)/ 4.4 (Eq. 5)

For concentrations above approximately 180 ppm incapacitation will occur rapidly (0-2
minutes). Since toxicity by HCN does not follow Haber's rule the denominator of the
fractional dose equation is not a constant, but depends partly upon the exposure
concentration. A Fractional Incapacitating Dose equation for HCN has therefore been
derived from Equation 6 for the rang- 80-180 ppm HCN as follows:

F - 1 (Eq. 6)Icn (185 - ppm HCN)/ 4.4

Fitting an exponential curve to provide a more general expression covering higher and
lower concentrations gives:

F icn =
exp (5.396 - 0.023 x ppm HCN) (Eq. 7)

LOW OXYGEN HYPOXIA

The effects of low oxygen hypoxia are partly concentration related and partly dose
related. When a subject reaches equilibrium with a respect to different oxygen
concentrations the effects are approximately as follows (18):

20.9 - 14.4% no significant effects, slight loss of exercise tolerance
14.4 - 11.8% slight effects on memory and mental task performance, reduced

exercise tolerance
11.8 - 9.6% severe incapacitation, lethargy, euphoria, loss of consciousness
9.6 - 7.8% loss of consciousness, death

The time taken to achieve a blood oxygen concentration causing incapacitation
depends on a 'dose' of hypoxia acquired as the blood oxygen concentration decreases in a
subject exposed to a hypoxic atmosphere (18). The relationship between oxygen
concentration ard time to incapacitation is shown in Figure 3. This is a plot of time of
useful consciousness for men at rest following sudden decompression (<1 second
transition time) to a range of simulated altitudes, which has similar effects to those of
reduced oxygen concentrations at sea level. The data are adapted from Luft (18), and are
expressed in terms of altitude, the equivalent sea level oxygen concentration and the
equivalent decrease in percentage oxygen from 20.9% (i.e. % oxygen vitiation) at sea
level. For input into the model an exponential equation derived from these data of time
to loss of consciousness is given by-

-- i
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(tI) mn = e (8.13 - 0.54 (20.9 - %02)) (Eq. 8)

where 20.9 - %02 = %02 Vit (% oxygen vitiation)

From this is derived the expression for fractional incapacitating dose:

F 8 1
Io e 8.13 - 0.54 (20.9 - %02) (Eq. 9)

FIGURE 3 TIME TO INCAPACITATION BY HYPOXIA
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CARBON DIOXIDE

Carbon dioxide has two important effects: it greatly increases the respiratory
minute volume (RMV), which will increase the rate of uptake of other toxic gases; and at
high concentrations it is itself a narcotic. The concentration related effects of carbon
dioxide are approximately as follows (19):

3-6% respiratory distress, increasing with concentration
6-7% severe respiratory distress, dizziness, bordering on loss of

consciousness
7-10+% loss of consciousness

It is therefore necessary to calculate a factor to allow for the effect of the
increased RMV caused by carbon dioxide on the rate of uptake of other toxic gases.
Figure 4 shows the relationship between carbon dioxide concentration and ventilation
(RMV) constructed from data derived from a number of human exposure experiments (8).

FIGURE 4 THE VENTILATORY RESPONSE TO CARBON DIOXIDE
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The figure also gives an indication of the toxic effects of exposures to
various concentrations for various times. The Gxp'ession for the effect on ventilation
derived from these data is as follows:

- --.-.-------------.------~---~---- ~7~77:7--~ - - -- /9
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Multiplication Factor CO 2 =e 0.46. 2 + .06(Eq. 10)

It is also necessary to calculate the fractional incapacita-ing dose of carbon

dioxide. From the data shown in the figure time to unconsciousness by carbon dioxide is
given by:

tIco2 = e(6.1623 - 0.5189 x %C02 ) (Eq. 11)

From thij is derived the fractional incapacitating dose expression:

FIco2  e(6.1623 0.5189 x %CO2 ) (Eq. 12)

INTERACTIONS BETWEEN NARCOTIC GASES

Data on the concentration/time/dose relationships of the dangerous and lethal
narcotic effects in man of individual fire gases are adequate for the construction of a
usable incapacitation model, but little information is currently available on the effects
of interactions between combinations of these gases on time to incapacitation in fires.
The best that can be done currently is to suggest likely degrees of interaction based on
physiological data from individual gases, and on the limited available data for gas
combinations. Interactions between the different narcotic gases are discussed in detail
in Purser (8). There is experimental evidence (20,12) to indicate that the effects of
carbon monoxide and hydrogen cyanide on time to incapacitation are additive, and the
validity of an additive Fractional Effective Dose model for these two gases has been
tested in rodents (12). It is therefore proposed that the Fractional Incapacitating
Doses of CO and HCN should be added. The presence of carbon dioxide will cause
hyperventilation to a degree indicated by equation 10, which will increase the rate of
uptake of CO and HCN and should reduce time to incapacitation in proportion. However one
of the major toxic effects of CO is that it causes a leftward shift in the blood oxygen
dissociation curve (21), and this may be counteracted to some extent by the rightward
shift in the dissociation curve caused by carbon dioxide (22). There is evidence from
recent experiments performed in mice (23) that the deleterious effects of increased CO
may indeed not be as severe as might be expected from the effect on ventilation, but fgr
the purposes of the model the worst case is assumed. There is evidence that low oxygen
hypoxia is additive with CO induced hypoxia (21,24), but carbon dioxide has been shown to
have a beneficial effect on hypoxia due to the effects on the oxygen dissociation curve.
The narcotic effect of carbon dioxide may not be hypoxic and is therefore treated
separately in the model. For the purposes of the hazard model the following interaction
factors are therefore used:

1. CO and HCN are considered to be directly additive.
2. CO increases the rate of uptake of CO and HCN in proportion to its effect on the RMV.
3. Tha narcotic effect of low oxygen hypoxia is considered to be directly additive to

the combined effects of CO and HCN, but not increased by CO2 induced
hyperventilation.

4. The narcotic effect of CO2 is considered to act independently of the effect of the
other gases.

On this basis it is possible to derive a Fractional Incapacitating Dose equation for

narcosis as follows:

Total FIN =(FicO + F1en ) x VCO2 + Fio or Fico2 (Eq. 13)

Where;

FIN = fraction of an incapacitating dose of all narcotic gases
Fieo = fraction of an incapacitating dose of CO
Icn = fraction of an incapacitating dose of HCN

VCO2  = multiplication factor for CO induced hyperventilation
F = fraction of an incapacitatinj dose of low oxygen hypoxia
FIo = fraction of an incapacitating dose of CO2Iho2-

WORKED EXAMPLE

A worked example using data obtained from a large scale aircraft fire test is
given in Tables I,II, and IV. The testperformed by Sarkos et al. (10),was reported at a
previous AGARD meeting. A simulated post-crash fuel fire was set up at an open doorway
opposite a row of seats and conditions were monitored in the rear cabin (sampling test
station 650), 5 ft 6 in (1.68 m) above the floor. The concentration (or intensity)/time
curves for toxic gases and physical hazards are shown in Figures 5 and 6. The histograms
in Figure 5 show the average concentrations of narcotic gases each 30 seconds during the
first 4 minutes of the fire, which are presented numerically in the upper part of Table
I. Using the equations given above, the Fractional Incapacitating Dose for each narcotic
gas is calculated for each 30-second period. The first two rows of the lower part of
Table I give the fractional doses for CO anOd HCN, which are added together and

I ii i
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TABLE I

Average concentrations of narcotic gases and predicted fractional
incapacitating dose in aircraft cabin fire

Gas concentrations
Time
(min) 0.5 1 0 1.5 2.0 2.5 3.0 3.5 40

CO ppm 0 0 0 0 4151 10816 14374 16414
:tCN ppm 0 0 1 6 10 15 6 0

C02 % 0 0 0 0 1.0 4.8 8.8 11.3
02% 21 21 21 21 19.7 15.1 11.0 63

Fractions of an incapacitating dose for narcotic gases (endpoint: loss
of consciousness)

Time 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40
(min)

FIco  0 0 0 0 0.078 0.208 0.280 0.322
+FIcn 0 0 0001 0.003 0.003 0.003 0.001 0.000

x VCO2  1 1 1 1 1.30 3.40 9.04 12.0
= 0 0 0.001 0.003 0.105 0.717 2.540 3.864
Flo 0 0 0 0 0 0.004 0.0:8 0498

Total 0 0 0.001 0.003 0.105 0.721 2.578 4.362
EFIN 0 0 0.001 0.004 0.109 0.830 3.408 7.770

or:
FIco2 0 0 0 0 0.002 0.015 0.110 0.415
E FIN 0 0 0 0 0.002 0.017 0.127 0.542

multiplied by the carbon dioxide hyperventilation factor VCO . To this is added the
fractional dose of low oxygen hypoxia to give a total fractignal dose for narcosis for
each 30 seconds. The running total summed each 30 seconds exceeds unity between 3 and
3.5 minutes, or at 3 min 10 sec when the analysis is performed over 10 second intervals
instead of 30 second intervals (a total fractional dose of 1.482), indicating the onset
of incapacitation (loss of consciousness). Alternatively narcosis may occur due to the
effects of carbon dioxide, but the cumulative dose of this gas is only 0.542 during the
fifth minute, which is insufficient to have a serious narcotic effect.

FIGURE 5
CO C0 2 & NARCOTIC GASES DURING EARLY STAGES OF AIRCRAFT CABIN FIRE
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FIGURE 6 HEAT. SMOKE AND IRRITANT GASES DURING EARLY STAGES OF AIRCRAFT CABSII FIRE
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PHYSICAL HAZARD FACTORS AND IRRITANCY

Having calculated the effects of narcotic gases the next steps are to assess the
effects of radiant and convected heat, smoke obscuration, sensory irritation and lung
irritation.

RADIANT HEAT

As shown in Figure 7, derived from various literature sources (principally 25)2
there is 2 fairly obvious intensity limit for tolerance of radiant heat at 0.25 w/cm
(2.5 kw/m ). Below this intensity radiant heat can be tolerated for at least several
minutes, but above this intensity for a few seconds only. No information on radiant heat
flux at the rear of the cabin is available, but it is considered that it probably would
not have exceeded the tenability limit during the first four minutes of the fire.

FIGURE 7 TIME TO SEVERE SKIN PAIN FOR EXPOSURE TO RADIANT HEAT
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CONVECTED HEAT

The curve for tolerance time of convected heat, also derived from various
literature sources (principally 26) is shown in Figure 8, and from this is detived the
expression for time to incapacitation:'~i3
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S(min) e
5 184 9 

- 0.0273 T°C
(m) (Eq. 13)

Since the tolerance time takes the form of an exponential curve, it is feasible to
consider the victim as taking up a 'dose' of convected heat, much as a dose of a toxic
product would be taken up. AS with the narcotic gases it is therefore possible to use
the concept of a fractional incapacitating dose of heat acquired each minute as follows:

FI
FIh = e

5 .1849 - 0.0273° C (E. 14)

FIGURE 8
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The average temperature each minute during the fire, and the fractional incapacitating
doses of heat are shown in Table II. The cumulative fractional dose exceeds unity
between 2.5 and 3 minutes (at 2 minutes 40 seconds if the analysi3 is performed over 10
second intervals (F 1.324) as the temperature exceeds 2500 C, and then continues to
increase dramaticall between 3 and 4 minutes. There will also be some degree of added
effect from radiant heat which would further increase the fractional dose.
Incapacitation due to skin pain and burns is therefore predicted just before 3 minutes,
with severe and probably fatal burns of the skin and upper respiratory tract being a
strong possibility, particularly during the fourth minute.

TABLE II

Average temperatures and predicted fractional incapacitating dose of
heat during aircraft cabin fire

Time 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Temp OC 38 38 44 83 173 295 461 479

Fih 0 0 0.007 0.028 0.428 12.739
:F~h 0 0 0.007 0.035 0.463 13.202

SMOKE

Visual obscuration by smoke is obviously concentration related, and a tenability
limit of extinction coefficient 1.2/m (OD/m 0.5) has been set (27). As Figure 6 shows,
this is exceeded at 4 minutes.

SENSORY AND LUNG IRRITATION

Sensory irritation, affecting principally the eyes and upper respiratory tract, is
the most important aspect of irritancy to affect a fire victim during the fire, since the
effects occur immediately upon exposure (2) and are related to the exposure concentration

) ./
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rather than an accumulated dose. The effects lie on a continuum from mild eye irritation

to severe eye and respiratory tract pain, depending upon the exposure concentration (28)
and impede escape attempts by affecting the ability (or willingness) to move through
smoke (8). However sensory irritation is unlikely to be directly lethal unless
exceptionally high concentrations of irritants are present. The capacity of individual
chemicals and combustion product atmospheres to cause sensory irritation has been
evaluated using the mouse RD model (rodents give a characteristic decrease in
respiratory rate on exposure 5 o irritants which can be quantified in terms of the
concentration required to cause a 50% decrease in respiratory rate - RD 0 ) (29,7). From
studies of combustion product atmospheres using mouse and primate models (8), it has been
found that the irritancy of combustion product atmospheres is usually greater than that
expected from the measured content of known irritants, and it is suggested that a general
tenability limit concentration for irritation in man for combustion products should be
set at a mass loss concentration of 1 mg/l. In the present case mass loss data are
unavailable, but the oncentrations of two ma3or irritant atmosphere components, HCl and
HF are shown in Figure 6. The irritant effects of HCI are summarized in Table III, and
it is suggested that at concentrations of up to 1000 ppm, although pain in the eyes and
respiratory tract would be severe, causing difficulty in seeing and breathing, most
individuals would be able to function reasonably well, escape being slowed rather than
prevented. Above approximately 1000 ppm it is likely that the effects would be so severe
that escape would be difficult and some individuals would be brought to near collapse.
In addition to these immediate effects, from work in primates and rodents (8) it is
suggested that dangerous and possibly fatal lung oedema and inflammation are likely
following a 30-minute exposure to a combustion product mass loss concentration of 10 mg/1
(a ct product of 300 mg.min/l). For HCl approximately 90,000 ppm.min constitutes a
lethal dose, and for HF approximately 70,000 ppm.min.

TABLE III IRRITANT EFFECTS OF HCL

ppm
10 Irritant but work possible.

50 Work difficult but possible.

100 Strongly irritant to man 50-100
ppm 1 hour, work impossible.

309 Mouse RD50.

1000 Brief exposure dangerous/lethal
to men.

1300 Man - a death reported after
30-minute exposure.

2000

3715 30-minute rat LCs0.

10000

15900 5-minute rat LC50.

16570 After 5-minute exposure
baboons can perform escape
behaviour, but die after
exposure.

For hazard estimation in the example fire, the first consideration is to decide
whether the early appearance of sensory irritant smoke is likely to delay escape
sufficiently for a victim to remain in the fire beyond the time when narcotic gases and
heat are predicted to reach life threatening levels (Table IV). For this calculation it
is assumed that HCI and IIF are of equal irritant potency, and that the effects are
additive. The possible contribution from other irritant species likely to have been
present but not measured is ignored. On thib basis it is suggested that over the period
from 10 seconds up to the end 3f the second minute, when the added concentration of HICI
and HIF increases from 119 to 1084 ppm, escape would be impeded but not prevented, while
after this point movement would be very difficult.

With regard to lung irritation it is possible to calculate the fractions of a
lethal dose of HCI and HF inhaled during the first 4 minutes of the fire, and it is
assumed that the effects of the two gases would be additive. On this basis as Table IV
shows the integrated dose at four minutes is calculated at 0.076, approximately a tenth
of a lethal dose. However since the HCl concentration was off the scale after 2.5
minutes it is not possible to calculate the full dose available. If the HCl
concentration exceeded 1% over the last 1.5 minutes then some post-exposure lung
inflammation is possible.

POSSIBLE GENERAL INTERACTIONS BETWEEN TOXIC AND PHYSICAL FIRE HAZARDS

Minor physiological interactions between narcosis and several of these physical
factors may occur, but it is likely that most would be relatively minor during the fire,
and it is felt that a reasonable model can be used in which narcosis, sensory irritancy
and the effects of heat and visual obscuration can be treated separately (8).



I41-11

TABLE IV

Average concentrations of irritant gases and predicted fractional
lethal dose in aircraft cabin fire

Gas concentration
Time(min) 0.5 1 1.5 2 2.5 3 3.5 4

HCI ppm 171 289 161 199 1366 20004, 2000+ 2000+
HF ppm 65 125 57 555 913 876 697 475

Symptoms:0-2 minutes: severe pain in eyes, nose, throat and chest, breathing difficult,
escape capability impaired.
2-4 minutes: severe pain and breathing difficulties, possibly sufficient to bring
'some individuals to near collapse.

Fractions of a lethal dose of irritant gases (endpoint: post-exposure
death due to lung inflammation)

TimeTmin 0.5 1 1.5 2 2.5 3 3.5 4

FLD HCI 0.001 0.002 0.001 0.001 0.008 0.012+ C.012+ 0.012+
+ FLD HF 0.001 0.001 0.000 0.004 0.007 0.006 0.005 0.003

= Total 0.002 0.003 0.001 0.005 0.015 0.018+ 0.017+ 0.015+
EFLD 0.002 0.005 0.006 0.011 0.026 0.044+ 0.061+ 0.076+

Ac the behavioural level interactions may be more important. The interaction between
sensory irritation and v:.sual obscuration has been mentioned and there is some
experimental evidence for such an interaction in man (30). After exposure, the effects
of skin burns, respiratory tract burns and chemical irritation (and even possibly CO
narcosis) all combine to increase the probability of fatal pulmonary oedema and
inflammation occurring.

SUMMARY OF MODEL PREDICTIONS FOR AIRCRAFT CABIN FIRE

From the analyses performed, the effects on a victim exposed to the conditions in
the aircraft cabin fire (Figures 5 and 6) are predicted as follows:

1. From 10 seconds up to 2 minutes the concentrations of HCl and HF would be severely
irritating to the eyes and respiratory tract, impeding escape attempts.

2. During the beginning of the third minute the concentrations of HCI and HF would
exceed the tenability limit for sensory irritancy sufficiently to inhibit severely
and possibly prevent escape.

3. At the end of the third minute the average temperature was 3330 C, and sufficient heatwould be accumulated in the skin surface to cause skin burns resulting in

incapacitation.

4. At the beginning of the fourth minute a victim is likely to lose consciousness due to
the combined effects of the accumulated doses of narcotic gases.

5. At the end of the fourth minute the tenability limit from visual obscuration is
reached.

6. It is predicted that a victim escaping or rescued after the third minute would suffer
severe post-exposure effects due to skin burns, possible laryngeal burns with
accompanying oedema and danger of obstructive asphyxia, and also pulmonary oedema and
inflammation which might well be fatal (due to the combined eftects of inhaled hot
gases, chemical irritants and the pulmonary secondary effects of skin burns). After
the fourth minute it is likely that a victim would die at some time between a few
minutes and I hour due to the effects of narcosis, circulatory shock, and possibly
hyperthermia.

It is unlikely that an otherwise healthy adult would be able to escape from a fire
such as this if he or she remained longer that 2-2.5 minutes (120-150 seconds) after
ignition. This result of the analysis compares with an assessed survival time of 150
seconds by the previous authors (10). These measurements were made at 5 ft. 6 in. above
the floor, and as pointed out by the previous authors, the tenability of conditions
improves nearer the floor, so that at 3 ft. 6 in., where a crawling victim might be,
conditions are tenable for approximately a further 30 seconds.
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DISCUSSION

Mr E. GALBA
Is there any experimental evidence to support the key

model assumption that the fractional doses are additive?

AUTHOR'S REPLY:
There is some experimental evidence for some of the additive

and other interactive effects described. However the interactive
terms could be put on a better quantitative basis by further
work on gas mixture exposures using primates.

Mr G. COX
The fluid dynamics of the cabin fire can have an effect

on egress.
If the combustion products are layered, not always the case,
of course, then it may be possible to duck down below them.
However, the criterion for pain on skin can be met by a ceiling
layer temperature radiating at a temperature below 200 *C. Thus,
it would be very difficult to avoid the effects of radiant heat
even though the occupants are, from the inhalation point of
view, safe.

AUTHOR'S REPLY:
Yes, in fact, there was marked layering in the fire that

I have enalysed, so that at 3 feet 6 inches above the floor,
the atmosphere was lower in toxic gases and temperature and was
survivable for approximately an extra 30 seconds. The point
concerning radiant heat is interesting. Perhaps smokehoods would
be useful in providing protection from radiation. Water sprays
will destroy layering.

Mr. J. ROSS
The data you present are a patent argument for the use

of protective respirating equipment in firesmoke. We have found
that badly designed equipment can itself offer a lifethreat
of similar magnitude. In particular some devices remove particles
and some irritants while not removing other toxins and while
increasing ventilation by a factor of three and reducing inhaled
oxygen levels. Can you comment on this in relation with your
model.

AUTHOR'S REPLY:
From the toxicological point of view there could be great

benefits in hoods and water spray if they removed irritant and
cyanide and protect from heat. However it is important that
smokehoods should be designed to minimize dead space effects.
Careful evaluation will be necessary to ensure that the benefits
outweigh the disadvantages.
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